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ABSTRACT 


This dissertation concerns various aspects of growth, reproduction 
and development in Pollictpes polymerus, the gooseneck barnacle. 

Four populations (2 localities and 2? intertidal levels) from 
San Juan Island, Washington, were sampled monthly for a total period 
of 26 months for the comparison of brooding cycles and fecundity. 

The size at reproductive maturity, mode of fertilization and probable 
stimulation of copulation are described. 

Juveniles exhibit a cirral beating rhythm similar to that described 
for most operculate barnacles, whereas adults leave their cirri extended 
during feeding. It is suggested that the cirral beating probably involves 
feeding. When juveniles have increased in size to about 14 mm and large 
organic material becomes a greater component of the diet, the cirral 
beating stops. 

Adults orient their cirral nets mostly toward the backwash of waves, 
but animals not on the backwash side of a large group tend to orient 
away from the center of the cluster. The degree of such orientation 
depends on 1) cluster size and 2) topography of the substratum where the 
cluster is located. A model is proposed to illustrate the adaptive 
Significance of such mixed orientation. 

The effects of several conditions on embryonic and larval cultures 
are reported. Embryo growth rate is accelerated under conditions closely 
simulating those in the adult barnacle mantle cavity (e.g., darkness and 
aeration). Reduction of egg mass size and addition of antimicrobial drugs 
also promotes fast growth. Interactions between algal species may affect 


their nutritional value for nauplii. Animals given small amounts of food 


have slower growth rates. 
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Development from fertilization through settlement is described. 
In vittro fertilization was accomplished using sperm already implanted 
in the mantle cavity plus ovulating eggs and oviducal gland fluid. 

The small, but yolky eggs display total, asynchronous and unequal 
cleavage. Division of the D macromere lags behind division of the 
other blastomeres, and gastrulation occurs by epi boly ee ne nanup! 11. 
hatch 20 to 30 days after fertilization. As nauplii molt, the number 
of setae per appendage increases. In contrast to other pence rare 
larvae, the nauplii are small and have specialized setae. Healthy 
adult peduncles are strongly preferred by cypris larvae as a settling 
substrate. 

In fertilized eggs peristaltic constriction rings similar to 
contractile rings of cleaving cells and polar lobes move unidirectionally 
from the animal to the vegetal pole. In electron micrographs thin 
microfilaments are in the egg cortex only where there are constriction 
rings. Filaments are oriented primarily in meshworks, although 
circumferentially oriented microfilaments are also observed in vegetal 
rings. Microvilli extend into the space created between a constriction 
and the egg membrane. Subcortically, large numbers of multivesiculate 
bodies, glycogen granules and mitochondria are observed at the level of 
constriction rings. A model is proposed to explain the peristalsis. 

It is suggested that the function of peristaltic constriction rings is 
elongation of the egg from a sphere to an ovoid, although other possibilities 
such as lifting of the egg membrane, segregation of the lipid yolk, and 


predetermination of the first cleavage plane can not be ruled out. 
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GENERAL INTRODUCTION 


Polltetpes polymerus Sowerby 1833 is one of the most common 
intertidal invertebrates of the unprotected rocky shore on the West 
Coast of North America, Most of the literature on various aspects 
of the biology of this species has been published within the past 20 . 
years: location and characterization of neurosecretory cells (Barnes 
and Gonor, 1958); feeding behavior and morphology of the feeding apparatus 
(Barnes and Reese, 1959; Howard and Scott, 1959); general behavior of the 
animal as related to its ecology (Barnes and Reese, 1960); analysis of 
fatty acids in lipid fractions of adults (Rodegker and Nevenzel, 1964); 
characterization of some intermediary metabolic pathways in the developing 
embryos (Eastman, 1968); study of the animal's carotenoid pigments (Holter, 
1969); morphology of the circulatory system and Speculation as to the 
function of its parts (Burnett, 1972); identification of the animal's 
tolerance to temperature changes, desiccation and osmotic stress (Fyhn 
et al., 1972); respiratory adaptations (Petersen ect al., 1974); reproductive 
cycles at Monterey Bay, California (Hilgard, 1960); the effect Of, orl 
pollution on breeding at Santa Barbara, California (Straughan, 1971) and 
San Francisco, California (Hand et al., 1973)3 vand study o- synaptonemal 
complexes in spermatocytes (Dudley, 1973). 

The distribution of this species is given as the Bering pEraits. 
Siberia (found on a humpback whale in US65)) EO ROSariO., Baja California 
(Pilsbry, 1907). Pilsbry (1907) observed that the next most northern 
location is near Susk, British Columbia. Tarasov and Zevina (1957) 
recorded this species from Sakalin Island in the Western Pacific. 


P. polymerus has been described as an exclusively littoral species 
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(Pilsbry, 1907; Barnes and Reese, 1960) found in the upper two-thirds 
of the intertidal zone, commonly scot lated with Myttlus caltfornianus 
and Pisaster ochraceus along the open California coast in areas with 
strong wave action (Cornwall, 1955a,b). Barnes and Reese (1960) thought 
that the San Juan Islands present an exception to the animal's normal 
habitat j~since-it is Supposedly more protected here than on the outer 
coast. Rice (1930), Towler (1930), Henry (1940a,b) and Barnes and 
Reese (1960) observed the species above low tide, extending to higher 
levels in crevices than on horizontal substrate in the islands. It 
has been reported that P. polymerus is found only in dense clusters and 
iserarelyesolitary | (Rice, 1930 ;"Shelford, 1930; Towler, 1930; Cornwall, 
1955a; Barnes and Reese, 1960). Barnes and Reese (1960) also observed 
that the fae of the cluster depends largely upon the degree of wave 
exposure and the microenvironment. 

Although the objectives have been enumerated in each chapter, 
they are summarized as follows: 

Leto culture the embryos and larvae up to settling, as this 
has not been done previously; 

2) to carry out a fine structural analysis of eggs displaying 
peristaltic constriction, a very important morphogenetic event which 
has been only incidentally observed in passing (e.g., Nussbaum, 1890); 

3) to study the reproductive eyele and Lecundity on San Juan island, 
Washington, and to compare these data with what is known (Hilgard, 1960; 
weEaughan, 19/1; Hand et al. , 1973): and 

4) to examine the growth rate and feeding strategies and to compare 


these data with what is known (Barnes and Reese, 1959, 1960). 
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In this study problems of reproduction and development of 
P. polymerus have been approached in 3 dreerene ways: 

1) a field study of growth, reproductive cycles and fecundity, . 

2) a laboratory investigation of embryonic and larval development 
Coesettling» sand 

3) an ultrastructural examination of an early developmental event, 
peristaltic constriction. 

The barnacle referred to as Pollictpes in this dissertation was 
described in 1815 by Oken as Mitella (see Darwin, 1851), but the generic 
name was changed in 1959 by the International Commission on Zoological 
Nomenclature to Polltctpes (Leach) on the basis of common usage (W. 
Newman, Personal communication). Sowerby described Pollictpes polymerus 
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LITERATURE REVIEW 


Until 1830 the phylogenetic position of barnacles had puzzled 
biologists. Earliest accounts recall geese borne by stalked barnacles, 
hence their present name "gooseneck barnacles" (Cornwall, 1955a). 
Linnaeus relegated all barnacles to the generic name Lepas and placed 
them arr the molluscs. In 1817 Cuvier placed them between molluscs ne 
annelids (Darwin, 1851), while Saint Ange (1835) insisted that they were 
related to annelids. Strauss (1819) first postulated the relationship of 
barnacles to Crustacea, but his observations were disregarded until 
Thompson (1830), an amateur naturalist, published his record of cypris 
larvae metamorphosing into acorn barnacles (observations in the spring, 
1826) and this was later confirmed by Gray (1833) who described the 
nauplii. Since then, monographs and descriptive works on the Cirripedia 
have begun to answer many of the taxonomic questions (Darwin, 1851, 
Looe eomuvel. 1905;) Pilsbry, 1907, 1916, 1921: Nilsson-Cantell, 1921; 


Beeci io. 2 eCODnwaltamlo2 01951, 1955a.b> Henry, 1o40a,b). 


Feeding 

ihe rhythmic cirral activity of many barnacles is well known as 
a mechanism for the capture of food (Darwin, 1854). It has been shown 
that in most species of operculate barnacles, any individual can display 
several types of activity (Southward, 1955b) which differ not only in 
rate of beating, but also in the degree of muscular activity developed 
in each beat and the resulting mechanism of feeding (Southward and 
Cole sel SO) 

Various types of cirral activity have now been described (Crisp 


and Southward, 1961). The presence of a water current in the mantle 
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cavity (Nilsson-Cantell, 1921) and the possible occurrence of macrophagy 
(Barnes, 1959a) have been linked to the thee a descriptions of 
captorial feeding on large particles (Darwin, 1854; Gruvel, 1905; 
Batham, 1945; Barnes and Reese, 1959; Howard and Scott, 21959) earn 
addition, Barnes and Reese (1959) have described the structure of 

the cirri and mouthparts and the probable method of feeding of 
Polltetpes polymerus. 

Crisp and Stubbings (1957) first described the orientation of 
barnacles in relation to the direction and force of water currents. 
Subsequently, Barnes and Reese (1959) suggested that P. polymerus 
orients with its cirral net facing the backwash of waves as the water 


pours over rocks and boulders, 


Growth Rate Studies 

With a knowledge of the size to age relationship and the growth 
rate tn sttu, the age of field animals may be determined, and the age 
at sexual maturity and the length of the life Span may be subsequently 
calculated. All other factors, however, must remain constant. Broch 
(1922) reported that the so-called "lines of growth" on the plates of 
P. polymerus are irregular, bearing no apparent connection with the 
Bet tore Since the number of lines ‘differs in various plates on 
1 animal, they are apparently unsuitable for use in aging. 

Most barnacles are reported to be fast growers with short life 
spans such as 1 to 2 years (Darwin, 1851;° 18543: Gruvel, 2905; Runnstrom, 
1925; Moore, 1934a; van Breemerm, *1934 s°Crispeand Chipperfield, 1948; 
Bousfield, 1952-53; Costlow and Bookhout, 1953, 1957; Blom, 1965; 


Werner, 1967), including some pedunculates (Evans, 1958; Skerman, 1958). 
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However, Batham (1945) showed that P. Sptnosus grows Slowly and evidence 
points to the same for P. polymerus (Barnes and Reese, 1960). Growth 
is affected by: 1) amount and type of food (Moore, 3 De eG rcrs 1950; 
Barnes and Barnes, 1952.)ey 2) breeding (Crisp. 1960; Crisp and Patel, 
E96) aes ) temperature (Coe, 1932; Moore, 1935a; Zenkewitch, 1935; 
Southward, 1950; Barnes and Barnes, 1954, P35 6b ies) salinity Gone 
1964; Sandison, 1966), 5) position in relation to the rest of the 
population (Crisp and Davies,e1955)),. 6) Population density (Moore, 
P35) on Jewater ¢ Low rates (Moore, 1935p. Crisp and Davies, 1955; 
Crisp, 1960; Crisp and Patel, 1961; Werner, 1967) and 8) intertidal 
level (Moore, [935bD;)Hatton, 1938; Barnes and Powell, 1953; Barnes and 


Barnes, 1956b; Luckens, 1968) in some barnacle species. 


Reproductive Systems 

Although many workers have considered a number of aspects of 
barnacle reproduction, only 4 (Nussbaum, 1890; Hilgard, 1960; Straughan, 
be handsered).. 1973) have treated P. POlumeruseee Since minwagnunber 
of respects, all free living barnacles (e.g., acorn and Stalked) have 
comparable reproductive Strategies, a summary of previous work is 
presented here. 

Saint Ange (1835) first described the male reproductive system, 
followed by Nussbaum (1890) and Gruvel (1893). Wagner (1834) and 
Saint Ange (1835) recognized the ovaries. However, Goodsir (1843) 
confirmed Cuvier's erroneous description of male organs as female organs. 
Darwin (1851) also misunderstood the female system, but correctly reported 
the male System. Krohn (1859) first described the female reproductive 


system of Lepas anattfera correctly, and this was subsequently confirmed 
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and expanded by studies of Kossman (1874), von Willemoes-—Suhm (1876), 
Nussbaum (1890), Gruvel (1893, 1898) and Groom (1894). Batham (1945) 
gave a detailed histological analysis of both reproductive systems in 
P. sptnosus. Crisp (1954) showed development of the testes and ovary 
in Balanus poreatus (= B. balanus) and their seasonal cycles. Hilgard 
(10¢0) teeeribed both reproductive systems in P. polymerus and eee 
that this species is not protandric. Crisp and Patel (1961) reported 
Ovary and testes development in relation to animal size and breeding 
cycles in Elmtntus modestus grown on glass slides. Walley (1965) 
explained the function of the oviducal gland and described ege mass 
formation. Barnes and Stone (1972) observed seasonal changes in 


oviducal gland and penis size (secondary sexual characteristics). 


Gametes 

The internal structure of barnacle gametes was not studied until 
recently: Spence-Bate (1851) drew figures of the sperm of B. balanotdes, 
B. perforatus and Verruca stroemia; von Willemoes-Suhm (1876) described 
Lepas sperm as filamentous; Nussbaum (1890) drew filiform P. polymerus 
sperm; Brown (1966), Turquier and Pochon-Masson (1969), Bocquet-Védrine 
and Pochon-Masson (1969) and Munn and Barnes (1970a,b) have delineated 
the ultrastructure of barnacle sperm. Seminal plasma has been analyzed 
biochemically by Barnes (1962, 1963b), Barnes and Finlayson (1962), 
and Barnes and Dawson (1966). Sperm activation was deverited by Barnes 
and Crisp (1956) and Walley et al. (1971). Only 1 ultrastructural 
study of oogenesis (Woods, 1969) and none of spermatogenesis has 


been reported to date. 
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Insemtnatton 

Self-fertilization was considered common to all barnacles at one 
time, but Darwin (1854), Miiller (1867) and Gruvel (1905) presented 
evidence that cross—fertilization occurs frequently. It now appears 
that cross-fertilization is probably obligatory in B. erenatus (Crisp, 
19507 1954; Barnes and Crisp, 1956), Elmintus modestus (Crisp, 19503 
19547519565. 1958h). B, balanotdes (Crisp, 1950; Crisp and Patel, 1960), 
B. glandula, Chthamalus dallt (Wong, 1967), B. balanus (Barnes and 
Barnes, 1954; Crisp, 1954), and Lepas anattifera (Patel™ 1959). However, 
Barnes and Crisp (1956) showed that seli-fertilization can occtir in 
Chthamalus stellatus, Verruca stroemta and B. perforatus, and Werner 
(1967) showed that it occurs in B. trtgonus. Broch (1922) referred to 
the genus Pollictpes as one which cross-fertilizes, but Batham (1945) 
assumed that isolated adult P. sptnosus fertilize their own eggs, and 
that only colonial adults cross-fertilize. Hilgard (1960) showed that 
P. polymerus isolated by 20.5 cm or more from other adults never carried 
embryos. However, her thesis states that there is no conclusive evidence 
that self-fertilization does not occur, at least occasionally (Howard, 
1959). On the other hand, Barnes and Reese (1960) feel P. po lymerus 
self-fertilizes most of the time, although they present no evidence in 
favor of this hypothesis. 

Muller (1867) first described "searching" behavior of the penis of 
a barnacle. Crisp (1954) gave some details of mating in B. balanus as 
did Barnes and Barnes (1956a) and Clegg (1957) for B. balanotdes and Patel 
(1959) for Lepas anattfera. Wong (1967) gave the first actual account of 
the insemination process and described copulatory activity and the 


reproductive states of the participants for B. glandula and B. ttnttnnabulum. 
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Collier et al. (1956) stimulated copulation in a balanoid by releasing 
small concentrations of ascorbic acid in the water. However, Barnes 
(1963a) suggested (and Crisp and Patel, 1969, concurred) that copulation 
in B. balanotdes is under hormonal control. Copulation in P. polymerus 


was never witnessed in the present or in a previous study (Hilgard, 1960). 


Exogenous and Endogenous Factors and Reproduction 

As the effect of exogenous factors on breeding is much easier to 
detect than the effect of endogenous factors, most studies have 
emphasized the former. However, it has been shown that there are 
neurosecretory cells in P. polymerus (Barnes and Gonor, 1958) which may 
transfer the effect of environmental stimuli via hormonal control of 
gonadal development, breeding and other metabolic processes. Similar, 
endocrine mechanisms have been postulated for crayfish (Aiken, 1969; 
Perryman, 1969), B. balanotdes (Barnes, 1963a; Tighe-Ford, 1967; Crisp 
and Patel, 1969) and B. balanus (Crisp and Patel, 1969). 

In many species, latitudinal differences in breeding cycles occur 
(Moore, 1935b; Hutchins, 1947; Bousfield, 1952-53; Barnes and Barnes, 
BIS00 seCrisp se l95/,91959a-) Pearse. 19/70). Once if has been ascertained 
that intraspecific differences in reproductive cyeles occur latitudinally, 
one may be able to predict the environmental factors critical to 
reproduction. 

Sea water temperature has been suggested as the ery influence 
on breeding in intertidal marine invertebrates (Appellof, 1912; Orton, 
1920; Runnstrom, 1927; Hutchins, 1947; Bousfield, 1952-53), while it 
has been suggested that air temperature limits distribution (and 


therefore reproduction) in at least 1 barnacle species (Kitching, 1950; 
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Southward, 1950; Williams, 1950). Temperature may control several 
Parameters of reproductive SGGiv irom es) eaawine season of adequate 
duration for gametogenesis and inducement of the onset of spawning 
(Batham, 1945; Hutchins, DAT RLt chine. 15 OE oust tieilide 19522-5355 
Crisp, #19549 1957, 1959as (Crisp ‘and Davies, 1955; Barnes and Barnes, 
1956b, 1967; Barnes, 1957, 1959b, LI63a58 Patel. 1959 -OCrispeand dlsag, 
1960; Hilgard, 1960s Patel and Crisp, 1960a; Blom, 1965; Tighe-Ford, 
1967; Crisp and Patel, 1969; Barnes and stone, 1972), 2) length of 
development time (Crisp and Davies, 1955), and 3) requirement of a 
conditioning period (Crisp, 1959a; Crisp and Clegg, 1960; Barnes, 
1963a; Crisp and Patel, 1969). 

Other factors shown to influence the process of reproduction in 
pernacl ewer a: 1) day length (Crisp, 1959a; Crisp and Clegg, 1960; 
Barnes, 1963a; Barnes and Barnes, 1967; fighe-Ford, 1967: Crisp and 
Patel, 1969; Barnes and Stone, 1972), 2) intertidal height (Moore, 
1935a3;) Crisp, 1950, 1959a,b; Luckens, 1968), 3) water currents Wiese. 
Page DsmGri spel 950. P9594 eCrisp land Davies, 1955; Crisp and Clegg, 
H960)',.4) £ood availability for gonad development and for naupliar 
release (Crisp and Havles sel oo5. Crisps. 1957. 1959a; Patel and Crisp, 
1960a; Barnes et al., 1963; Barnes, 1965; Barnes and Barnes, 1967; 
Crisp and Patel, 1969), 5) salinity (John, 1964; Sandison, 1966), 

6) lunar periodicity (Mileikovskii, 1958), 7) parasitism (Barnes, 
1953), 8) pollutants (Holstrom, 1970; Sstraughan, 1971; Hand et al., 
1973), 9) individual differences (Crisp, 1959a) and 10) local 


topography (Crisp and Davies, 1955; Crisp, 1959a). 


Feeundity 


Fecundity is a scale of reproductive success which may be 
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measured in several ways: total number, weight or volume of embryos 

or broods per adult per reproductive peel Various factors have been 
demonstrated to influence fecundity in barmaeles sa eL) Parent size (Groom, 
1894; Moore, 1935a; Batham, 1945; Kuznetzov and Matveeva, 1949; Barnes, 
1953; Barnes and Barnes), (1954, 1956a; Luckens, L968 jie?) planktotrophic 
or lecithotrophic development (i.e,, egg yolkiness) (van Hoek, 1884; | 
Hilgard, 1960; Anderson, 1965), 3) season, temperature, weather and/or 
latitude (Crisp, 1954, 1959a; Crisp and Davies, 1955; Southward and 
Crisp, 1956; Crisp and Pate Wi 969 : Straughan, 91971), 4) tidal level 
(Moore, 1935b; Crisp, 1959a), and 5) physical factors such as oil spills 


(Straughan, 1971; Hand et wile 5 WSSW) x 


Descriptive Embryology 

The primary contributions to descriptive barnacle embryology up 
to 1902 were made by: van Beneden (1870), von Willemoes-Suhm (1876), 
van Hoek (1876), Lang (1878), Nassanow (1885, 1887), Nussbaum (1890) 
and Groom (1894). Nussbaum (1890) described development in P. polymerus. 
Not much detail was reported, but most of what was given appears to be 
accurate. Although most of the work up to this time was fragmentary and 
superficial, Groom (1894) published an extensive description primarily 
of late acusy welta and larval stages and divided embryonic development 
into stages. Many misconceptions of these early workers were clarified 
by the cell lineage studies of Bigelow (1902) who used both live and 
preserved material. He was able to orient eggs precisely before 
sectioning, thus aiding the pursult.of cell fates, Subsequently, Abric 
(1904) published a report of the origin of germ layers in Sacecultna sp. 


and Delsman (1917) continued the study of cell lineage. 
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Batham (1946) first raised embryos continuously from 1 cell to 
post-cypris tn vittro and described them histologically. Crisp (1954) 
outlined the embryonic stages of planktotrophic development in 
B. balanus, which agreed for the most part with Groom's (1894) results 
and Crisp (1959b) later confirmed this description for B. balanotdes. 
Parnes (1965) developed another staging system for the same pattern of 
development. In 1965, Anderson described development in Ibla quadrivalvts 
and Kauffman reported specialized development in Sealpellum sp. Anderson 
(1969) also completed cell lineage studies in Tetraclita purpurascens 
and Tf. rosea, Chthamalus antennatus, and Chamaestpho columna. Most of 
this work was done with preserved material; only occasional live 
specimens were used. 

Batham (1946) first raised embryos in vitro. She had the advantage, 
however, of working with yolky eggs. The first successful culturing 
of non-yolky eggs was accomplished by Crisp (1959b). He was also 
able to observe brooding cycles tn sttu by ingeniously inducing 
B. balanotdes to settle on glass slides (a technique previously developed 
with Elmintus modestus, Crisp and Davies, 1955), thus permitting 
observation of the embryos through the base of the adult. At this 
point, other culture methods were introduced with varying success 


(Barnes and Barnes, 1959a; Patel and Crispieeloo0bs) Raltings LOb6/on 


Faetors Influencing Embryogenests 

The major factor influencing developmental time appears to be temperature 
(Crisp and Davies, 1955; Crisp, 1959b; Patel, 1959; Patel and Crisp, 1960b; 
Barnes and Barnes, 1963; Crisp and Costlow, 1963), and temperature may 


' also influence the interbrood interval (Crisp and Davies, 1955) and 
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embryo size or volume (Crisp, 1954, 1960; Patedow! 959%) Patel Jand 
Crisp, 1960a). Few experimental studies have been done with cultured 
barnacle embryos, with most concentrating on biochemical pathways and 
food usage during development (Dawson and Barnes, #19663 Barnes /and 


Evens, 1967; Eastman, 1968; Woods, 1969). 


Hatching 

Hatching of Stage 1 nauplii from the adult mantle cavity was 
described in detail by Barnes (1955c). A hatching substance was shown 
to be present in adult tissues (Crisp, 1956; Barnes, POS /.5= Cra speand 
Spencer, 1958; Barnes and Barnes, 1959c) which stimulates naupliar 
activity within the egg membrane and hastens hatching. In contrast, 
some acrothoracian juveniles may leave the mantle cavity as "walking" 


cyprids (Batham and Tomlinson, 1965). 


Larval Development and Settlement 

Much attention has been paid to the deScriptionsclmarvalestaccs), 
especially in attempts to differentiate between naupliar stages for 
the sake of elucidating life cycles and to hasten the sortinge of 
plankton. Thompson (1830) first described the cypris larva of a 
balanoid and observed its metamorphosis into a settled juvenile barnacle. 
Later (1835), he described the release of Lepas sp. nauplii. Although 
he was the first to connect these larval Stages with barnacles (thus 
firmly establishing their crustacean heritage), he misinterpreted the 
observations, thinking there were 2 major divisions: operculates with 
cypris larvae and pedunculates with nauplius larvae. Burmeister (1834) 
first recognized that Lepas larvae pass through both nauplius and cypris 


stages and Goodsir (1843) discovered the sequence through metamorphosis. 
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It was then accepted that Lepadidae and Balanidae have both larval 
types (Darwin, 1851, 1854). Early sketchy and often inaccurate 
descriptions of nauplii and cyprids were given by:) > Grays (1833)= 

van Hoek (1876), Groom (1892, 1894), Chun (1896) of unknown species 
and by: Goodsir (1843), Darwin (1851), Spence-Bate (1851). Claus 

Geb oeend Delage (1884) of known species. Larval descriptions have 
been published for B. balanotdes: Goodsir (1843), Spence-Bate (1851), 
Groom (1894), van Hoek (1909), Bassindale Cl936) @ Treat (1937), Pyefinch 
(1948a); B. ecrenatus: Herz (1833), Bassindale (1936), Pyefinch (1948a, 
1949); B. tmprovitsus: Munter and Buchholz (1869), Tengstrand (1931), 
Lucks (1940), Kuhl (1950), Buchholz (1951), Jones and Crisp (1954); 
Freiberger and Cologer (1966); B. balanus: Spence-Bate (1851), Barnes 
and Costlow (1961); B. hamert: Bousfield (1952-53); B. tinttnnabulun: 
Goodsir (1843); B. amphitrite: Treat (1937), Costlow and Bookhout 
(1958), Freiberger and Cologer (1966); B. perforatus: Spence-Bate 
(1851), Groom (1894); B. trigonus: Freiberger and Cologer (1966); 

B. eburneus: Costlow and Bookhout (1957), Freiberger and Cologer (1966); 
B. galeatus: Treat (1937), Molenock and Comez (L972) 5° Be yubulis: 
Barnes and Barnes (1959b); Chthamalus stellatus: Spence-Bate (1851), 
Bassindale (1936), Moore and Kitching (1939); Elmintus modestus: 
Knight-—Jones and Waugh (1949); Verruca stroemta: Spence-Bate (1851), 
Bassindale (1936), Pyefinch (1948a); Lepas spp.: Burmeister (1834), 
Darwin (1851), Claus (1869), von Willemoes-Suhm (1876); Treat (1937): 
Sealpellum sp.: Darwin (1854), Lang (1878); Sacculina spp.: Delage 
(1884); Ibla quadrivalvis: Anderson (1965); Pollictpes sptnosus: 


Batham (1946) and Mitella (= Polltctpes) mitella: Yasugi (1937). 
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Workers have often cultured barnacle nauplii in the laboratory 
with favorable results (Batham, 1946; Costlow and Bookhout, 1953, 

1957; Moyse, 1960, 1963; Wisely, 1960; Hirano, 1962; Blom, 1965; 
Freiberger and Cologer, 1966; Okamoto, 1967; Tighe-Ford et Creel 9 1.0.) te 
The details of metamorphosis from cypris to settled juvenile 
were piven by Batham (1946), Bernard and Lane (1962) and Walley (1969). 
The search for the stimulus of cypris larva settlement has proved long 

and arduous. Four major theories of settlement stimuli have been 
advanced: chemosensation (Mortlock, 1969; Nott and Foster, 1969; 
Gibson and Nott, 1971), tactile sensation (Hatton, 1938; Pomerat and 
Weiss, 1946; Knight-Jones, 1953; Crisp and Barnes, P9545) Barnes, 1955a. 


1956), "contact chemical sensation" (Crisp and Meadows, 1962, 1963) 


and phototaxis (Visscher, 1928; Pomerat and Reiner, 1942;) Daniel. 1957). 


Pertstaltte Constrictions in the Ferttlized Egg 

Some early invertebrate embryologists observed marked rhythmical 
contractions in newly-fertilized eggs of Lepas sp. and Polltctpes 
polymerus (Nussbaum, 1890; Groom, 1892, 1894; Bigelow, 1902: Gruvel, 


1905), although Groom (1894) may have confused this event with first 


tS 


cleavage. This process, which has been termed “peristaltic constriction," 


has been studied at the light microscope level (Lewis et eth NEWRY. 


No other studies of this unusual phenomenon are known. 
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STUDY SITES 


Two study sites were chosen July, 1971, on the west side of 
San Juan Island where large populations of Polltetpes polymerus are 
readily available: Eagle Point (48° 27 eNoxrth. LOE West) and 
Edward's Reef (48° 30' North, 123° 8' West) (Ea oral nee neemayority, 
of the field studies were conducted at these areas. 

Although the San Juan Islands lack the deep swells of the open 
seas, Eagle Point faces the prevailing winds and is frequently exposed 
to severe wave action (Dayton, 1971). It is protected only by 
Vancouver Island, lying 15 miles to the west. P. polymerus ranges 
PrOne—-22U0stOu1O. Us lceG vertically and occurs in Jarge, rambling 
populations which overlap with Myttlus caltforntanus in the mussel's 
upper distribution (Fig. 2A). At Edward's Reef, the study area 
consists of a large rocky surge channel, more protected than at Eagle 
Point due to outlying boulders in the water and high rocky walls 
(Fig. 2B). Fresh water runoff occurs here during most of the year, 
while it is limited to the rainy season at Eagle Point. P. polymerus 
is distributed from +3.0 to +8,.0 feet and occurs in discrete clusters; 
it is too high to associate with M. caltforntanus here. In both 
locations there are some Thats Lamellosa, fT. eanaltculata and 
T. emarginata (Gastropoda) and an abundance of Balanus cartosus 
(Cirripedia), Acmaea digittalts, A. paradtgttalts and A. persona 
(Gastropoda) occurring with P. polymerus. For more complete listings 
of species found in this community, see: Shelford and Towler, 1925; 


Dayton, 197s Paine, 19/4: 
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Figure l. Map of Olympic Peninsula region of Washington State 
showing location of the 2 study sites on San Juan 
Island: Eagle Point (EP) and Edward's Reef (ER). 
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Kigures2. A. The study site at Eagle Point. 


B. The study site at Edward's Reef. 
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Since one of the objectives was to evaluate the effects of 
wave action on communities in exposed environments, this study has 
been restricted to the exposed rocky intertidal localities at both 
study sites. 

The height of a level along the shore is given as feet above 
or below the mean lower low water. The levels at each site were 
obtained by observing the low pointlor the: low, tide. «This measure 
varied considerably from the predicted low of the tide tables due 
to wind and surf activity, but the reference point at each site is 
believed to be accurate to within +#0.5 feet. All the other levels 
at each site were measured in relation to the reference point with 


Surveying equipment. 
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FEEDING STRATEGY 


Introduction 


Barnacles feed by means of cirri; the types of cirral behavior 
have been defined by Crisp and Southward (1961). Most observers agree 
that opereulare species, such as Balanug Sp., exhibit several types of 
active cirral movement, of which the Ehyehmicweirral E'nernat beat" is 
most often employed. This behavior appears to be associated with 
respiration and with microfeeding on Suspended particulate material 
(Crisp and Southward, 1961; Southward and Crisp, 1965; Lockwood, 1967). 
In pedunculate barnacles, such as Pollictpes sp., however, captorial 
macrophagous feeding by cirral extension predominates (P. sptnosus: 
Batham, 1945; P, polymerus: Barnes and Reese, 1959; Howard, 1959; 
Howard and Scott, 1959). 

The barnacle orients its food capturing device, the cirral net, 
by twisting on its peduncle (Howard, 1959; Barnes and Reese, 1960). 

The adults extend their cirri for captorial feeding (pewaea and Scott, 
1959), and therefore depend largely on local water movements and 
microtopographical position for food (Barnes and Reese, 195001960). 
It has been reported that animals in a cluster orient their cieral 
nets unidirectionally: perpendicular to the substrate and facing the 
backwash of waves (Howard, 1959; Barnes and Reese, 1960). 

In this chapter evidence is presented that juvenile Pollictpes 
polymerus are, in fact, microfeeders using cirral pumping and slow 
cirral beating. This behavior shifts to cirral extension with increasing 
age. Analyses of juvenile and adult gut contents corroborate these 


behavioral observations. Unidirectional orientation of cirri in some 
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small barnacle groups is confirmed, but bi- or multi-directional 
orientation is observed ineaLarver 8toups. The mixed Orientation is 
likely an adaptation for maximizing the feeding efficiency of each 


individual in the group. 


Materials and Methods 


Observations of juvenile beating behavior were made with animals 
acclimated to still or running sea water. The frequency of cirral 
beating was measured by recording the number of complete extensions 
and retractions of the cirri during 10 minutes (min) and is reported 
here as the number of Beats "per min... uTen specimens of various sizes 
were observed at 10° to 12°¢ and barnacles of a Single size were 
observed at 10° oy Ee). The mean frequencies of beating represert 
the average activity of only the active barnacles. The size of animals, 
determined with a pair of dividers, was recorded as the distance between 
the base of the rostrum and the base of the carina (RC). Animals with 
RC measurements of 15 mm Or more are defined as adults ai those with 
less as juveniles. 


For analysis of gut contents material was removed by Pasteur 


pipette from the midguts of frozen specimens. The material was suspended 


cneO. lcm distilled water and a sample was analyzed using a Neubauer 
hemocytometer. In case of infrequently found items, particles in 
0.01 cm were counted or the entire gut contents were scanned. 

Natural populations of P., polymerus were studied at Edward's Reef. 
The angle of cirral orientation was measured during receding tides as 
waves washed over animals in Surge channels. The equation of Crisp and 


Stubbings (1957) was employed for calculating R, the strength of 
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DEtGveectiOn ere VA; Bo  achere A = 1/N © cos b; and 


t 

iy ea 2 sin o, - W is the total number of individuals in the sample. 
- 

When o- (angle between the RC axis and the direction towards which the 
current is flowing for the tth individual) is 0°, the cirral net faces 
oncoming waves; and when o- is 180°, the net faces the wave's backwash. 
UB Pheewantiar ren is randomly oriented, R is close to 0; if orientation 
is consistent throughout, & equals 1. (To further quantify these 


observations, the clusters were rated as small (less than 35 animals), 


medium (35 to 150 animals) or large (more than 150 animals). 


Observations and Results 


Cirral Beating 

In the relatively calm water of laboratory tanks, juvenile 
P. polymerus exhibit cirral beating similar to that of operculate 
barnacles, although slower. The extension phase of cirral beating 
lasts 79% of the complete beating period. Ina fast current, however, 
these juveniles tend to extend their cirri as do-adults. 

As with other barnacles (Southward, 1955a), only part of the 
juvenile population beat their cirri at any 1 time. The percentage 
of GER eae which are actively beating varies, depending on 
environmental conditions. In 1 series of observations, 44% of the 
juveniles beat in still sea water after they had been freshly collected, 
34% beat after they had been immersed in sea waten for )24thours (h) 
and only 27% beat after they had been KepeeintattatoriZ4ehs 

The beating behavior may be partly respiratory in function for 
the juvenile P. polymerus, since when air was bubbled into the water 


the average rate of beat dropped slightly (from 1.4 to 1.2 per min). 
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If beating were purely respiratory in function, however, more animals 
kept in still water, away from their normal habitat of heavy surf, would 
be expected to have a beating or pumping activity. However, this is 
not ‘the case, In addition, juvenile cirral movements resemble those in 
extended feeding adults, €.g-, maxillae contract toward the mouth, 
individual cirri push food material into it, and occasional twisting and 
turning of capitula on peduncles occurs. 

Frequency of cirral beat is also dependent upon temperature 
(Peas ee and probably reflects the general metabolic activityeot the 
barnacle. The range of water temperatures used in this study was within 
normal seasonal fluctuations. Individuals were not subjected to extreme 
temperatures, because under such conditions cirral beat rate declines 
due to stress (Southward, WE, TESS aks 

At constant temperature, Erequency of cirral beat was inversely 
correlated with size of the animals (Fig. 4). Only intermittent 
beating was observed in animals of 10 to 12 mm RC size, and no beating 


in animals of about 14 mm RC size. 


Gut Content Analysts 

In order to ascertain if differences in food preferences are 
associated with age and type of feeding behavior, analysis of gut contents 
was made. Although precise identification and exact numbers of individuals 
of each food type were difficult to obtain, the relative amounts in 3 
basic food categories are presented here as percentages of total particles 
counted (Table 1): 1) organic particulate nabertal lessee than Omid a 
diameter, 2) inorganic particulate material, less than 10 u in diameter, 


arid 3) large organic material, 10 uy to 5 mm in diameter. 
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Figure 3. Pollicipes polymerus. Cirral beat rate as a function 
of temperature. Vertical bars represent standard 
deviations. All animals were 1.5 mm RC. 
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Figure 4. 


Pollictpes polymerus. Cirral beat rate as a function 
of animal size. Vertical bars represent standard 
deviations. The scale is broken between Oy andl 

beat per minute to indicate intermittent beating (Gil 
Beat rate was measured at (O° Ger AG 
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Table 1. Midgut content of the gooseneck barnacle. Number of animals 
examined ts tn parentheses. 
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Animal size (mm RC) 


Percent food items Ome (9) Za14.. (17) ES 23R RQ) 
Particulate, organic 80 63 52 
Particulate, inorganic 12 6 8 
Large, organic 8 aul 40 
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Table 2 lists the specific food identified and gives food 
preferences. As might be expected, a comparison of food particle sizes 
in animals of various sizes indicates that the smaller the animal, the 
more dependent it is on microscopic food items. Whether this reflects 
feeding methods, the size of the feeding apparatus, or both, remains 
to be meri eied. The amount of inorganic material, however, varies 


little with animal size (see also Barnes, 1959a). 


Experimental Sttmulation of Feeding 

Both adult and juvenile barnacles responded to the presence of 
introduced Artemia salina nauplii (up to 0.6 mm long) by voracious 
feeding. Adults used the typical macrofeeding habit of extension and 
lassoing of prey (Howard and Scott, 1959). Juveniles displayed increased 
beat rate, from 114 to 2.7 beats per min in response to food (mn = 10), 
and often used the entire cirral net for capturing nauplii. Once the 
prey was captured by adults or juveniles, it was quickly moved from 
a cirrus or the cirral net to the mouth. When Artemia were first 
introduced to the tank, many adults exhibited intermittent pumping 
activity, possibly for testing the water (Crisp and Southward, 1961) 
before complete extension of the cirri occurred. It was apparent that 
Artemta must stimulate the inner spinous face of a cirrus before predatory 
behavior culminates in feeding. These observations indicate that small 
P. polymerus apparently possess the behavioral mechanisms and feeding 
apparatus necessary to capture large food items. 


Ctrral Ortentatton 


Cirral orientation is normally bi- or multi-directional in large 


Biverers of adult P. polymerus. Among the 4 small clusters studied, 
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Table 2. Identtfiable food items in order of frequency found in the 
mtdgut of the gooseneck barnacle. +++++ tn all specimens , 
++++ tn most specimens, +++ tn more than half of speetmens, 
++ tn some spectmens, + in few specimens, 0 tn no specimens. 


Number of animals examined is in parentheses. 


eee a 


Animal size (mm RC) 
| See EN eee 
Food items 1-6 (9) Told (ie 152275 98 (7) 


PARTICULATE, ORGANIC 
Detritus +t++4 t++44 at oe 
Diatoms +++44 +4444 pease 


Other unicellular 
phytoplankton 0 +44 +4 


blue-green algae 0 ++ er 


PARTICULATE, INORGANIC 
Shells & sand +++ +444 +444 


Sponge spicules + + + 


LARGE, ORGANIC 


Crustacea tet +4++4++ +tttt+ 
Barnacle exuviae ++ +4444 +4444 
Copepods 0 +++44 +4444 
Polychaetes 0 +4 dg ts 
Eggs 0 + | a6, 
Hydroids 0 + bare 
Molluscs 0 3 re 
Large algae 0 + + 
Echinoids 0 0 + 
Sis akin 0 0 7 + 
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an average of 79% had cirri facing the local backwash (average @ = 156°), 


while the rest faced more towards the current (average ¢ = =it3) 
Barnacles on the backwash side of the cluster face the backwash, 
whereas those on the wave side usually face the waves (Fig. 95). The 
distribution of orientation in 2 clusters is Shown (Fig. 6). The 
majority Orient toward the backwash, but a few animals orient in almost 
every other direction. 

It was observed that the differences in the direction of cirral 
orientation are correlated with the size of the group. Whether or 
not a group displays mixed orientation seems to depend primarily on 
its size and to a lesser extent on the angle of the substrate (Bie. ) 
The greater the number of animals in a cluster, the greater is the 
likelihood that the barnacles within it will show mixed Orientation, 
Barnacle groups attached to vertical surfaces have mixed orientation 
Slightly more often than do those in clusters of the same size attached 
to horizontal surfaces, possibly since vertically-oriented animals are 
affected more by light (Crisp and Stubbings, IE Tks 

A model describing cirral orientation of P. polymerus clusters in 
a semi-exposed rocky area is presented (hie. 8). -In dt the cluster 
is depicted as oval in Shape and so situated that the backwash and waves 
are opposed by 180° along the long axis of the Cluster.) $n avlarce 
cluster, animals in areas A and B face the backwash, animals in area C 
face waves, and animals in areas D and E face away from the center of 
the cluster, somewhat toward the backwash. In a medium sized cluster, 
fewer barnacles occur in areas C, D and E, and in a small cluster, 
animals are limited to areas A and B. Strength of orientation (f) in 


a medium sized cluster in areas A+ Bis 0.95 and in area C is 0.95. 
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Figure 5. Polltetpes polymerus. Medium-sized cluster of adults 
showing orientation. W, wave; B, backwash. 











Figure 6.  Pollictpes polymerus. Cirral orientation (¢)\ in: 2 


combined medium-sized clusters in a surge channel. 
At 0°, the cirral net points toward the waves; at 
180°, cirral nets face the backwash. Frequency as 
defined by Crisp and Stubbings (1957) is used. 
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Figure 7. Pollictpes polymerus. Percent of clusters exhibiting 
mixed orientation as a function of cluster size (small, 
{.e., up to 35 animals; medium; or large, i.e., more 
than 150 animals) and substrate angle. 
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Small(=35) Medium (36-150) Large (215]) 


GitisiigerremeS 7.2 
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Figure 8. Pollictpes polymerus. Model predicting orientation of 
the cirral net as a function of cluster size. The 
triangles with half circles superimposed represent 
barnacle capitula with cirral nets open. See text 
for explanation. 
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Strength of orientation for the entire cluster is 0.31 (D and E were 


not calculated separately). 


Discussion 


Adult P. polymerus depend upon exogenous mechanical stimulation, 
such - waves or moving prey, for feeding (Howard, 1959; Barnes and 
Reese, 1959). Juveniles respond to these stimuli as well, but also 
beat their cirri without any apparent external stimulus, as do 
operculate barnacles. 

Gwilliam and Bradbury (1971) Suggested that the rhythmic burst 
of efferent nervous activity they recorded from all major trunks of the 
isolated central nervous system of Balanus cartosus are correlated with 
recurrent cirral beating. Donaldson and Prior (1972) recorded a regular 
pattern of spontaneous spiking activity at 12 to 15 second (sec) intervals 
while recording from the proximal end of the severed Cirral Nerve eh eye 
an adult P. polymerus. Nervous activity in juveniles was not recorded. 
TC sis = possible that ythe Spontaneous impulses in adults er a 
remnant of the cirral beating pattern of juveniles, as this adult nervous 
activity approximates the rate of beat in 1 to 2 mm RC juveniles. This 
conclusion is in accord with the observations of Gwilliam and Bradbury 
(1971). It seems unlikely that this recorded rhythm represents the 
behavioral rhythm observed in adult P. polymerus by Barnes and Reese 
(1960), since these movements occur very slowly, every 50 to 100 sec. 

The extension phase of the juvenile P. polymerus beat (79% of the 
total beat period) is longer than that in adult B. balanus (56%) 


(Crisp and Southward, 1961), and increases in length with growth of the 
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animal, and finally ceases, after which only cirral extension is used. 

Balanoids occasionally use cirral screens when exposed to strong 
currents (Southward and Crisp, 1958). In fact, some species of operculate 
barnacles (B. balanotdes and Elmtintus modestus) vary their cirral 
activity with the amount of water current (Southward and Crisp, 1958), 
No "normal" cirral beating has been observed in adult P. polymerus, 
although they may occasionally "twitch" and "curl" their cirri eo tt tl: 
water (Barnes and Reese, 1959). Since juveniles extend their cirri in 
fast currents and beat them in slow currents, environmental conditions 
appear to determine their mode of feeding behavior. It is of interest 
that the feeding mechanism of most lepadids is limited to cirral 
extension, and they are virtually restricted to habitats where there 
are fast water currents. In contrast, balanoids are capable of the 
full range of cirral activities and are able to occupy a greater 
diversity of habitats(Crisp and Southward, LIGd) 

Since beating behavior is observed only in the juveniles of 
P. polymerus, and they were found to have fed primarily on particulate 
food, the beating behavior seems to be a special microphagous adaptation. 
In fact, the food nets of smaller animals generally cover a greater area 
LDeLe.at1oneto body size than do those of larger animals (Howard, 1959) 
and are, therefore, probably more efficient filters. 

The preponderance of particulate material in the juvenile as 
compared to the adult gut is not due to inefficiency in capture of large 
food items, inasmuch as Artemtq nauplii were easily consumed (see also 
Howard and Scott, 1959). The difference must then be due to method 


of capture and/or food availability. 
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Juveniles are almost always attached to adult peduncles (Lewis, 
1975b), and thus, are situated below the mean adult cirral net level. 
In crowded areas where competition with macrophagous adults would be 
keen, juvenile beating behavior may be especially important in 
foraging. Southward (1955b) reported that feeding behavior may be 
related to habitat in some barnacles. The possibility of obtaining 
food by random contact would presumably be reduced until the young 
become large enough to compete successfully with adults. Although the 
adult extension macrofeeding behavior is generally more efficient than 
microfeeding (Crisp and Southward, 1961), juveniles may use cirral 
beating to maximize total feeding efficiency. This adaptation is 
probably necessary so that juveniles, sheltered from direct currents, 
may compete successfully with adults. 

The proposed model for cirral orientation is consistent with the 
observation that most of the animals face the backwash, which provides 
a unidirectional current for any one barnacle cluster. The backwash 
usually has a long flow period, so that feeding time is prea than 
in the wave (Howard, 1959; Barnes and Reese, 1960). However, atic 
apparently advantageous for animals in large groups to exhibit mixed 
orientation. If all animals in a cluster turned toward the backwash, 
individuals in areas C, D and E would have to rely on food that escaped 
those animals anchored in areas A and B. Therefore, it would be to the 
advantage of some wave-side animals (C) to orient toward the waves, 
catching food particles as they are swept inshore and, not 
to compete with the rest of the population. Animals in area B consistently 


have the longest peduncles (Howard, 1959), so probably compete successfully 
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with animals in area A. Animals in areas D and E may take advantage 
of eddy currents splashing across the Aileres (edge effects). 

In P. polymerus exposed to water currents in the laboratory, those 
nearest water jets respond the most by rotating toward the currents 
so as to face them directly, whereas animals shielded by the rest of 
the group turn only slightly (Barnes and Reese, 1960). Thus, in 
semi-exposed areas such as San Juan Island, it is not unusual to find 
that 21% of the members of large barnacle populations face waves 
directly. The model is consistent with these observations since areas 
A and B shield areas C, D and E from the backwash, allowing areas C, 

D and E to be more strongly influenced by other currents. As one would 
expect, in clusters with a small number of animals this effect is less 
noticeable. 

It is possible that P. polymerus have the most freedom of movement 
when young, especially if in a less crowded situation. Most young 
P. polymerus would probably orient toward the dominant backwash current. 
As the cluster grows larger and tighter, there is less £ hes Did byeror 
full capitulum rotation. Thus, orientation of animals in area B may be 
relatively fixed, while the peripheral groups are more free to change 
orientation with changes in current direction. 

Although other authors have noted the orientation of operculate 
barnacle cirri toward waves (Moore, 1933, 1935; Hiro, 1939; Crisp, 955s 
Crisp and Stubbings, 1957), only 2 such results have been reported for 
pedunculates: Conchoderma, a whale barnacle, was oriented on a fish, 
Dtodon, "to receive the full benefit of currents derived from... 
forward swimming" (Crozier, 1916); and P. polymerus was recorded to 


be similarly oriented in a situation where there was no backwash 
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(Senechal, 1969). The present study indicates that it is possible 

to describe orientation of P, polymerus oy a model which is in agreement 
with accounts in the literature. According to the model, mixed 
orientation permits maximum feeding efficiency for animals in each 
component of the cluster, at least in the semi-exposed areas studied. 

It is possible that waves hitting extended cirri in exposed, outer | 
coast situations apply more force than most extended animals can 


bear. Thus, fewer animals face the waves. 
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GROWTH AND REPRODUCTIVE BIOLOGY 


Introduction 


Since some Sroundwork has been laid in the study of the reproductive 
biology of Polltctpes polymerus in the central and southern portions 
of the species' distribution (Hilgard, 1960; Straughan, 1971; Hand et ie. 
1973) teisefeite thar an analysis of various aspects of reproduction 
at the northern end of the animals' range for the purpose of comparison 
is worthwhile. Moreover, some of the basic questions with Legarde tothe 
effect of environmental factors on reproduction still remain unanswered. 
In addition, 1 study shows that P. polymerus grows extremely slowly 
in southern California (Barnes and Reese, 1960). Data is given in this 
chapter which may be compared with what is known. This Study was carried 
outwvat ithe Friday Harbor Laboratories, Washington, from July. oy lo 
August, 01972 | bandits designed to determine: I)Wsizeror the animal at 
reproductive maturity; 2) mode of fertilization; 3) possible exogenous 
stimulus to copulation; 4) possible variation of embryo eee cycles 
and fecundity through different latitudes; 5) possible variations of 
brooding cycles and fecundity among adjacent Populations; and 6) possible 
environmental effects on brooding and fecundity. All @daca were obtained 
by sampling field populations, since a method for keeping P. polymerus 
in a "natural state" in the laboratory for long periods has not yet 
been developed, and breeding in the laboratory has not yet been 
successfully accomplished. 

P. polymerus is an ovoviviparous hermaphrodite. The finding of 


embryo masses brooded in the mantle cavity was taken as an indication 
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that breeding activity had preceded. Since copulation of this barnacle 
has never been witnessed, all further reference to reproductive activity 


will be made to the "brooding" of embryos. 


Materials and Methods 


Growth 

The growth of invertebrates is often studied by following changes 
in a linear dimension and subsequently converting the measurements into 
estimates of mass. In this Study rostral-carinal length was chosen over 
tergal or scutal-tergal length because the data were less scattered. 

Isolated individuals are rare; their growth rate may not reflect 
the normal pattern. Thus, 9 distinct clusters EOntainine aetotal or 
84 animals were marked with red enamel paint in July and August, 1971. 
Rostral-carinal length was subsequently measured monthly for a year 
with a pair of Starrett dividers, estimating to the nearest 0.1 mm. 

A final measurement was made after 12 more months had elapsed. 

The relationship between RC length and dry weight EE calculated 
for animals of various sizes at both study localities. The data were 
transformed to logarithms and a regression line was fitted using the 
orthogonal least squares method (Daborn, 1974). Calculation of the 

‘ 


coefficient of determination (yr ) showed that about 90% of the variation 


in dry weight may be explained by length. 


Reproducttve Btology 
Isolated adults were collected during the reproductive season 
(July and August, 1971) and were dissected to determine whether they 


brooded embryos or not in relation to distance (measured between peduncle 
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bases) from the nearest mature individual. Various sizes of adults 
were collected to determine the size at en reproductive maturity 
Occurred. 

Copulation. It was assumed that cross-fertilization occurs 
at least part of the time. Experiments were conducted to determine 
if copulation could be stimulated in the laboratory and in the 
field. Clusters of adults of sexually mature size were removed to 
the laboratory. The animals were jlertt out of water for varying 
periods of time and then were reimmersed and observed for copulatory 
activity (Walley et al., L245 VS eReestePercons 1 communication). 
0.1% ascorbic acid and Saturated solutions (33% ) of ascorbic acid 
in sea water were poured on healthy adults in the laboratory tanks 
and in tidal pocls#tovusecerif copulation was stimulated as in some 
acorn barnacles (Collier et Gls." 1956seBarnes and Finlayson, 1962). 

Brooding cycle. Four populations were sampled for the percent 
brooding at approximately monthly intervals over 26 months: Raearage 
Reef at high (+6.0) and low (43.0) intertidal levels, and Eagle 
Point at high (+5.0) and low (+1.0) intertidal levels. Only animals 
of reproductively mature size (RC length greater than or equal to 
17 mm at Eagle Point and 14 mm at Edward's Reef) in dense clusters 
were collected and fixed in 70% ethanol. Using animals collected 
from dense clusters eliminates bias in case self—fertilization does 
HOteoccur. 

Comparisons of percent brooding were first made between the 4 


populations by month and total of all months recorded using the 
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2 X 2 Chi Square Test of Independence (with G-statistic when there were 
small samples). However, since the WERE low intertidal heights do 
not coincide exactly at the 2 localities monitored, it is probably not 
valid to compare intertidal height between areas, only within an area. 
HOrethis reason, the F-Test for analysis of variance (Steele and aa: 
1960) was subsequently used to test the effect of 1)'time of the year, 
2) population locality, 3) intertidal height within locality, and 

4) interaction of month with locality upon the percent of barnacles 
brooding. Two assumptions were made before performing the F-Test: 


1) normal distribution of data and 2) homogeneity of variance. ibe 
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is not known whether or not the data in question has a normal distribution, 


but it has been shown that if sample sizes are equal or nearly equal, 
the test e still robust (Cochran, O47) Sample sizes used in all 
F-Tests were equal. The Hartley's F-maximum test determined that the 
data also fulfilled the homogeneity of variance requirement. Since a 
Mente nt monthly difference was detected, the Newman-Keuls pairwise 
comparison test was performed to determine differences between individual 
months of the reproductive season. After determining that highly 
Significant differences in reproductive activity occurred between animals 
at the 2 localities, but not between animals at different intertidal 
heights within either locality, the 2 intertidal groups were combined 
at each locality and subsequently compared using thea2exe2echi Square 
Test of Independence. The exact months during which Significant 
differences occurred were then determined. 

Air temperature was calculated by taking the minimum and need in 


for 5 consecutive days from daily temperatures recorded in the Friday 
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Harbor Journal. Subtidal CIS) ComGOstact)! cealwater temperature was 
recorded by C. Nyblade at monthly intervals at Edward's Reef or 
Mitchell Point. Surface water temperature is taken from the following 
Sources: Scripps Institute of Oceanography/U.S. Naval Hydrographic 
Office for 1943, calculated from 5°F isotherms of oceanic and coastal 
water in Puget Sound; S$. Woodin for 1969-70, University of Washington, 
Doctoral Thesis, monthly means from a cove on San Juan Island; Thompson 
and Phifer for 193 1-352 monthly means at Cantilever Pier eriiaay, 
Harbor Laboratories; and my own recording for 1971-73, average of 
Eagle Point and Edward's Reef monthly recordings at low tide. Day 
length was calculated from the sunrise and sunset tables for Port 
Townsend, Washington. Total daily immersion times were calculated 
by fitting a sinusoidal curve to the 4 daily tidal high and low points 
using a Fortran program (Appendix I). 

Fecundity. Fecundity is a reflection of L@rtiittyeor productivity 
which may be measured as the number of embryos or broods produced 
per adult per reproductive period. The mean monthly dry weight of 
brooded embryos was compared using the F-Test as above. In addition, 
correlation coefficients for embryo mass dry weight to adult linear 
size and embryo mass dry weight to embryo Stage were calculated to 
determine the extent of the relationships. Further calculation 


provided estimates of fecundity. 
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RESULTS 


Growth 

Rostral-carinal length is related to dry weight in P. polymerus 
by the equation: Weight (g) = 2 X10" aes (mm) (Fig. 9). Since 
os is approximately proportional to the animals! volume, it 
eee that weight and volume are directly proportional, and further, 
that growth is allometric (Winberg, 1971). 

Mean RC measurements followed over a 2 year period show that an animal 
May grow as much as 1] mm in the first year (Fig. 10). The mean size in 
1 population at Eagle Point increased from 4 to 15 mm in a single year 
(ig. ll) a Since the cypris 1s about 0.5 mm long (Lewis, 1975b), it is 
conceivable that settlement had occurred for these small animals in May 
or June of the same year (1971). Above about 13 mm, growth rate appears 
te wlevel™oirito | te 2mm per year. The Pange of times to sexual maturity 
(14 or 17 mm RC) was estimated. Since it is not known whether it takes 
@emonths orl year after settlement to reach 4 mm RG" fa Lanee or, setonG 
years between cyprid settlement and attainment of sexual matuns bys 
possible. However, when P. polymerus was completely removed from a 
plot on the West Coast of Vancouver Island, 17 mm P. polymerus were 
found 12 months later (Marine Biology class project, Universityecs 
Alberta). Thus, it probably takes 1 year to maturity a that location. 
Another 4 to 8 years may elapse before 25 mm RC (average adult size) 
is reached at San Juan Island. It is not known what the total life 
expectancy is, since animals in the largest size range were not 
followed for more than 2 years. It is presumed from the data given here 
that P. polymerus may reproduce for at least 10 years and possibly for 


lo years. 
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Figure 9. Pollictpes polymerus. Relationship between rostral-carinal 
length and dry weight. The least squares regression 


line is given. 
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Figure 10. Pollictpes polymerus. Growth tn sttu at Edward's Reef 
over 26*months. Size of marked juvenile and adult 
animals at high, middle and low intertidal levels 
was periodically recorded and the mean plotted for 


each group. Sample sizes are given at the end of 
each curve. 
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Figure 11. 


Pollicipes polymerus. Growth tn sttu at Eagle Point 


over 26 months. Size of juvenile and adult animals 
at 2 intertidal levels was recorded and the mean 
plotted for each group. Sample sizes are given at 


the end of each curve. 
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P. polymerus grows fastest in winter and pally ( Pigs.) 10 sand 11), 
attaining an average of 13 mm (9 to 15 a during the first year in all 
populations measured. The lower intertidal juvenile individuals at 
both sites reached a larger size than the corresponding high intertidal 


populations, 


Reproductive Btology 

Stze at sexual maturity. Animals sampled for occurrence of oviger- 
ous lamellae (egg masses) were arbitrarily assigned to groups by size. 
These data indicate that animals between 17 and 32.5 mm RC constitute 
the major proportion of the breeding population at Eagle Point and those 
between about 14 and 27.5 mm RC constitute the breeding population at 
Edward's Reef (Fig. 12). Thus, only animals within these size ranges 
were included in the study of reproduction and fecundity. 

Required distance for brooding. The results of the field study 
designed to determine if isolated animals carried brooding embryos during 
the reproductive season indicate that over 60% of closely grouped (up 
to 5 cm apart) animals contained Ovigerous lamellae. Animals separated > 
by more than 11 cm did not contain embryos and between 5 and 11 cm 
brooding activity was inversely proportional to distance (Hig nes) 
Extrapolating from these results, it seems unlikely that self-fertilization 
is occurring in isolated individuals in the study sites. 

Brooding cycle. The first brooded embryos of P. polymerus are seen 
ineApri lat San Juan island, There its a general buildup of brooding 
activity to the peak of the season in July, after which brooding decreases 
until it ceases in November. No brooding occurs from November to March 


(Fig. 14). The proportion of animals in all populations brooding embryos 
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Figure 12. 


Pollicipes polymerus. Size frequency distribution of 
the brooding animals from June through August in the 
4 populations monitored. Sample sizes are in parentheses. 
The top graph depicts animals at Eagle Point; the bottom 
graph depicts animals at Edward's Reef. 
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Figure 13. 


Pollictpes polymerus. Percentage of mature adults 
containing ovigerous lamellae when separated from 
other adults by given distancesduring the normal 
breeding period (July and August) in 1971. Numbers 
at each plotted point indicate sample sizes. 
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Figure 14. Polltetpes polymerus. Reproductive cycle over 26 months 
at San Juan Island, Washington, and compared to: 
photoperiod, air temperature, and sea water temperature 
(subtidal 15 to 60 feet). Percent brooding is the 
average of the 4 populations sampled at San Juan Island. 
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for a 26 month period at San Juan Island closely follows the 4 
environmental parameters graphed: day length, air and surface as well 
as sub-surface sea water temperature (Fives i4eend 15), Brooding begins 
when the sea water temperature is about 8° to 9°C and rising, and stops 
at 9° to 10°C when the temperature is declining, 

Most populations contain individuals brooding all embryonic stages 
during July and August. The last brood of the season is during October 
at Eagle Point (Fig. 16) and during September at Edward's Reef (Fig. 17). 
Early and middle stage embryos dominate in April, May and June at Eagle 
Point, while they are not seen until May at Edward's Reef. 

Eagle Point populations probably begin new broods through September, 
while only late stages are observed in September at Edward's Reef. Thus, 
the reproductive season lasts 1 to 2 months longer at Eagle Point than 
at Edward's Reef. Differences in brooding patterns between high and 
low populations within each locality may reflect sampling error only, 
since there are no Statistically significant differences in percent 
brooding between these groups. 

Copulatton. Freshly collected animals were immersed after 
approximately 24, 48 or 72 h of exposure to air. They were placed 
together in tanks of running sea water for maximum opportunity to 
copulate; however, no such activity was observed. Fifty-four animals 
were immersed after exposure to air for 24 h and observed at least 
every 15 min for 2 h and 45 min in Mays 219/72, at SaniJuan island. 

Of the 17 animals subsequently dissected (31.5%), none harbored sperm 
masses. After 48 h of exposure to air, 2 groups were observed during 
4 h of immersion. Thirty animals (60%) were then dissected in 1 group 


and 22 (39.3%) in a second group; none held recently fertilized eggs or 
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Figure 15. Pollictpes polymerus. Surface sea water temperature 
in Puget Sound from 4 sources. 
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Figure 16. 


Pollictpes polymerus. The embryonic stages found in 
the ovigerous lamellae from the adults at Eagle Point 
over 26 months, showing perc2nt of the total sample 
of adults. Early embryos encompass zygotes to the 
formation of naupliar segments, late embryos have 
developed the naupliar eye, and middle embryos are 
between segmentation and eye formation. 
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Figure 17. Pollictpes polymerus. The embryonic stages found in 
the ovigerous lamellae from the adults at Edward's 


Reef over 26 months, showing percent of the total 
sample of adults. 
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implanted sperm. After 72 h of exposure to air, 47 animals were observed 
for copulatory activity for 3 h. Twenty-eight animals (59.6%) were 
dissected; none contained sperm masses, A similar set of observations 
made at Bodega Bay Marine Station in June, 41972 Supported these 
results. 

Furthermore, animals were freshly collected at Windmill Beach, 
California, and placed in large finger bowls to which 0.1% ascorbic 
acid in sea water was added. In 2 animals sperm were observed projecting 
from the Capitulum 10 min after addition of the vitamin. One animal 
subsequently extended its cirri part-way 4 times, closing them again 
atterveach tims. “At no time were exploration, Probing and insemination 
(Wong, 1967) observed. Both animals were dissected and contained freshly 
ovulated, unfertilized eggs,and sperm implanted in the mantle cavity. 
The sperm were found to be mature, although inactive. The same concentration 
of ascorbic acid produced no effect on animals. immersed in sea water for 
48 h. Saturated solutions of ascorbic acid introduced to animals in the 
laboratory and in a partially full tidal pool into which waves occasionally 
washed produced no copulatory activity). 

A higher proportion of freshly inseminated animals was found on 
May 24, 1972, at Eagle Point than in Previous experience. The tide was 
in a receding series and was lowest at +0.4 feet on this day. On the 
assumption that tidal level might play some part in triggering copulation, 
other collections were made during low tide at Eagle Point and at Doran 
and Windmill beaches near Bodega Bay, California, in June wwelo72. Two 
percent or less of a given population is freshly fertilized during a 


receding tidal series on the first low tide of about 0.0 feet in these 
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areas (Table 3). When total daily immersion times were compared with 
the period of first breeding, no correlation could be detected 
(Figs. 62 and&®63, “Appendix I). 

Vartatton in the brooding cycle. The total proportion of adults 
brooding embryos over 26 months is greatest in the Eagle Point low 
group and decreases (descending order) in the Eagle Point high; Edward's 
Reef low; and Edward's Reef high groups (Pig. 718) > )Thisepatternsis the 
same as observed for adult size and juvenile growth rate. Individuals 
at Eagle Point begin brooding in April, while populations at Edward's 
Reef do not begin until May or June (Fig. 18). Both Eagle Point groups 
continue brooding into October, while those at Edward's Reef finish in 
September. In addition to the San Juan Island populations, different 
proportions of brooding individuals were found in 2 habitats in June, 
i772 webear bodega Bay. California (Fable 3). 

The F-Test shows that the brooding rates differ significantly 
in animals at the 2 localities (p < .001), but not in animals at different 
intertidal heights in the same locality. A significant difference in 
percent brooding is also detected when months are compared (p < .001). 
When plotted over time, percent brooding describes a bell-shaped curve 
with a peak in July. Observations at monthly intervals always showed 
that there is a significant change (Newman-Keuls Test, p < 0.05). The 
2 X 2 Chi Square Test shows that percent brooding differs significantly 
between animals at Edward's Reef compared to animals at Eagle Point 
(Table 4) at the beginning or peak of the reproductive cycle. 

There is a difference in the numbers of species associated with 
Polltetpes at the 2 study sites (Table 5) which may be related to the 2 


physical differences between Eagle Point and Edward's Reef: 1) wave action 
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Figure 18. Polltctpes polymerus. Percent of individuals brooding 
in 4 populations on San Juan Island over 26 months. 
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Table 5. Spectes found within clusters of Pollicipes polymerus at the 


é study localittes. 
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and 2) fresh water run-off. The freshwater is collected in low meadows 
and runs into a deep trench which leads to a high tidal pool above the 

P. polymerus clusters studied at Edward's Reef. The fresh water trickles 
over the barnacles during all but the warmest months. On Spyz En 


and 28th, 1974, sea water samples were taken and salinity calculated 


(8°C); 
Hdward's Reet, ocean... es ee ee Oey OO 
Edward's Reef, high tidal oar Pre OS ey he Le AD TOV ENS 
Peer hOtntyOCCAt me ray. st.) 5 ts eee ees (em OO 


Bays tend to provide shelter from waves, whereas headlands tend 
to concentrate the wave energy on themselves (Tricker, 1965, p. 96). 
There is a turbulent cCOlversence point of current activity off of Eagle 
Point while no such phenomenon occurs at Edward's Reef. Southeast and 
southwest winds are also more prominent at Eagle Point (C. Vandersluys, 
Personal communication). Perhaps, due to the combination of these 
forces, the currents bring in an abundance of plankton and small fish 
to Eagle Point which draw salmon runs during the spring and summer 
(Personal observation). Since there is apparently not as much plankton 


available at Edward's Reef, salmon are not fished in this area. 


Fecundity. There is no correlation of embryo mass dry weight with 
embryo stage (y = -0.004 to -0.017) or with parental size (@ = 0.028 to 
0.119) when the calculated values are compared with values for r required for 
Significance (Steele and Torrie, 1960, p. 453). 

Since there is no correlation of egg mass weight with adult size, 
egg masses may be grouped and their means compared. There is a significant 
difference when localities are compared (p < .001), but not when intertidal 


height within locality or when month (May to August) or interaction of 
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month and locality are compared. It is clear, then, that the amount of 
embryos produced in any 1 brood by an adult depends not upon the time 

of the reproductive season, but only upon location of the adult, and 
therefore probably upon some environmental factor(s). When the average 
weights of egg masses produced over most of the reproductive period are 
compared for the 4 localities, the same trend as previously observed for 
adult size, juvenile growth rate and percent brooding is indicated 

(Table 6): greater reproductive success at low than at high tidal levels, 
and greater success at Eagle Point than at Edward's Reef. 

Fecundity was compared in the 4 populations by estimating the number 
of broods or embryos produced per adult per season (Table 7). The method 
of estimation was adapted from Hilgard (1960): A/B x D/25 = y, where 
y is the maximum number of broods produced per mature adult per reproductive 
season, A is the total number of mature adults brooding during the 
reproductive season over the 26 months sampled, B is the total number of 
mature adults sampled during the reproductive season over 26 months, 

D is the total number of days during the reproductive season, estimating 
the beginning and end from brooded embryo stage data: 1) a full month 
if more than a single stage (early, middle and late) is represented or 

2) a half month if only a single stage is represented (Ete couloeandsaiy)) 5 
and 25 is the mean number of days taken for embryos to develop from 
fertilization to hatching 27) vicvoe(lewis, 1975b). =A/Seiss thus, the 
proportion brooding during the sampling period. Again, the trend is for 
Eagle Point low animals to produce the most broods per season and animals 


at Edward's Reef high to produce the fewest. 
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Table 6. Mean dry weight (g) of embryo mass per adult Pollicipes poly 


merus at the 4 study localittes. 








Date Eagle Point Edward's Reef 
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May 0649 Oe 0000 0000. 
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July .0927 1028 0376 .0450 

0266 0932 0201 0429 

0354 0602 SOb15 0187 
August 0690 0760 0443 0751 

.0510 0468 0304 0234 

0349 0339 .0095 0168 
Mean .0563 .0719 0226 .0353 
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Table 7. Comparison of fecundity in 4 populations of Pollicipes poly- 


merus. (See text for explanation). 


Se a a ae 


Locality Percent Estimated no. No. broods 

brooding days brooding produced per 

in a reproduc- reproductive 
tive season Season 
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Discussion 


Growth 

The slow growth rate and relatively long time to sexual maturity 
determined for P. polymerus in this study agree with that for 
IZ spinosus (Batham, 1945) and extend the data of Barnes and Reese 
(1960) and Paine (1974) for P. polymerus. Paine (1974) found juveniles 
growing 0.7 to 1.2 mm RC/month in northern Washington, while growth 
rates ranged from 0.2 to 1.0 mm RC/month on San Juan Island. Adults 
also grew slightly faster at Paine's Study sites (4.2 mm RC/year) 
than on San Juan Island (1 to 2 mm RC/year), possibly due to the open 
coastal environment providing more food and/or stimulating feeding 
activity more. However, mean growth rate was measured in P.epenosus 
at an unprotected rocky site in New Zealand over 4 and one—halpryears : 
1.0 mm/year in juveniles and 0.8 mm/year in adults (Batham, 1945). 
These growth rates are slower than those of P. polymerus at San Juan 


Island. 


The growth rate of the young spat during the first year after 
spring or summer settlement is rapid and then slows down considerably. 
Growth may be seasonal. It is slower in the cold months than in the 
warm months he B. balanotdes, B. balanus, B. crenatus and Verruca 
stroemta (Barnes, 1952-53, 1955b, 1958; Barnes and Powell, 1953; 
Barnes and Barnes, 1954). Seasonal growth trends are likely due to 
regionally varying factors, such as temperature and food availability 
(Crisp,©1960). «It is*also possible that the wearing away of capitulum 


plates (which are measured for size) occurs seasonally, thus giving a 
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false impression of growth rates, 

Two environmental factors which influence food availability, and 
thus growth rate, in other species are: 1) tidal level (Hatton and 
Fischer~Piette, 1932; Moore, 1934a; Barnes and Powell, 1953) and 
2) differing exposures to wave action (Hatton and Fischer-Piette, 1932; 
Moore, 1934a; Newcombe, 1935; Hatton, 1938; Moore and Kitching, 1939). 


These factors may affect P. polymerus juvenile growth rate and adult size. 


Reproduettve Btology 

tze at sexual maturity. It is apparent from Figures 9 and 12 
that the adults at Edward's Reef are consistently smaller than those 
at Eagle Point. Juveniles also grow more slowly at Edward's Reef 
than at Eagle Point and at high intertidal levels at both locations 
so that smaller does not necessarily mean younger animals. Crisp and 
Patel (1961) found that crowding slows growth and delays ovary maturation 
in Elmintus modestus, such that very slow growing individuals mature 
at a small size. It is possible that growth is slowed due to a smaller 
amount of food available at Edward's Reef, and that gonad maturation 
is delayed. 

Animals measuring from 10 to 34 mm RC were found brooding embryos 
at San Juan Island. These results agree for the most part with those 
of Hilgard (1960), although she did not find mature animals smaller 
than 17.2 mm at Monterey, California. The majority of the brooding 
population was between 17 and 32.5 mm at Eagle Point and between 14 
and 27.5 mm at Edward's Reef. 

Reproductive cycle: local variatton. In the 2 years sampled, 


P. polymerus at Eagle Point began to brood embryos in April or May; 
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brooding began in late May or June at Edward's Reef (hte, Cos = Adults 
at Edward's Reef were just starting to ood in June, 1972, while 
adults at Eagle Point had almost reached their brooding peak. By 
contrast, in June, 1973, brooding at Edward's Reef had reached its 
peak before the peak of brooding at Eagle Point. During July, 19715 
samp ling began at the peak of brooding, which in that year seemed fou 
comme dematethe=s 2 localities. = Similarly, in July, 1972, the peaks 
coincided, but in July, 1973, statistically significant differences 
between the 2 localities were observed. 

There is greater wave action at Eagle Point than at Edward's 
Reef. The low intertidal animals at both localities and the animals 
at Eagle Point have the advantage of longer feeding periods. In 
addition, fresh water run-off occurs for most of the year at Edward's 
Reef (but not at Eagle Point). Since P. polymerus is an osmoconformer 
which tolerates sea water dilutions down to about 507) (Byline cmd ie, 
1972), excessive fresh water might cause physiological stress so that 
these animals would have less energy for gametogenesis. 

Reproductive cycle: latttudtnal differences. The brooding season 
in P. polymerus is from April to October at San Juan Island, Washington 
(present study); the end of March or beginning of April to the end of 
December or beginning of January near San Francisco, California (Hand 
et al., 1973); April to December at Monterey Bay, California (Hilgard, 
1960); and presumably all year near Santa Barbara, California (Straughan, 
1971). The peak of brooding occurs during February at Santa Barbara 
(Straughan, 1971), compared with July at San Juan Island and August 
at Bodega Head. The time of first brooding is not delayed in the 


northern populations. Instead, the brooding season continues for longer 
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periods as one moves south. Straughan (1971) also noted that P. 
polymerus is less abundant, smaller, ne that fewer brood south of 
Santa Barbara than in the Santa Barbara Channel and north. 

Reproductive cycle: effects of photoperiod and temperature. 
Although the factors inducing breeding in winter breeders are fairly well 
understood, they are not well known for summer breeders. As with pees 
summer breeders (Table 8), the reproductive CycleroL 2.apolumerus at 
San Juan Island may be correlated with day length and temperature. 

Latitudinal differences are probably a reflection of a critical 
air and/or sea water temperature range beyond which breeding is not 
physiologically feasible. Since the annual air temperature fluctuation 
(-10° to +30°C, Friday Harbor Journal for 19 /2-/3) eis oveateretnansthe 
variation in surface sea water temperature (6.2° to 13.6°C, Johnson and 
Thompson for 1927-28) at San Juan Island, mid-intertidal species such 
as P. polymerus may be affected as much or more by air temperature. 
Brooding occurs at mean monthly sea water temperature ranges which 
overlap. |The peak of the reproductive period occurs when the sea water 
temperature! issabout 11°C at Sane Juan Island and San Francisco, while 
it is about 14°C at Monterey and Santa Barbara. Brooding of P. sptnosus 
in New Zealand (44° S) (Batham, 1945) occurs from mean sea water 
temperatures of 9° to 15°C and peaks at 14°C; similar top that eror 7, 
polymerus at San Francisco (38° N) in temperature range during brooding, 
Duceetoser to that for Monterey (36° N) or Santa Barbara (34> N) for 
sea water temperature at the peak of brooding. The cycle of reproduction 
of P. sptnosus is opposite to the cycle of P. polymerus at Monterey Bay 
north to San Juan Island, but parallels the cycle of P. polymerus at 
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In the winter breeder B. balanotdes (Table 8), Barnes 1963a), 
Barnes and Barnes (1967), and Crisp and Patel (1969) showed that contin- 
uous illumination delays the onset of breeding, inhibits iegeee female 
gonadal development, and inhibits the cyclic growth of the oviducal 
gland and penis. Barnes and Stone (1972) and Tighe-Ford (1967) 
demonstrated that less than 12 h of light per day was necessary for 
Stimulation of breeding 4 to 8 weeks later. 

Crisp (1957), Barnes (1963a), Barnes and Barnes (1967), Tighe-Ford 
(1967) and Crisp and Patel (1969) showed an upper critical temperature 
exists above which breeding will not occur in B. balanotdes. Barnes 
and Barnes (1956b) found that B. glandula breeds only below 16° to 
gre throughout its distribution. Crisp (1957) induced breeding in 
B. balanotdes and B. balanus with low temperatures, while Crisp and 
Patel (1969) also induced B. balanus and B. crenatus to breed prematurely 
by lowering the temperature. Crisp and Clegg (1960) showed that 
constancy of the start of the reproductive period could not depend on 
annual temperatures in B. balanotdes, but it is possible that long term 
temperature and photoperiod values jointly determine the date. Crisp 
and Patel (1969) were unable to induce premature breeding in B. balanotdes 
with low Pemmeretire They could do so by keeping individuals above a 
critical temperature to delay breeding and subsequently providing a 
conditioning period below the critical temperature. 

Many cases of cyclic breeding activities in marine invertebrates 
have been considered a function of sea water temperature (Orton's Rule) 
(Appellof, 1912; Orton, 1920; Runnstrom, 1927; Hutchins, 1947; Bousfield, 
1952-53). A good deal of data has been collected on a variety of 


animals which substantiates the temperature-breeding correlation. In 





ee Jae ‘= 
avn fue qee ban , (toes) noire ‘on 


cea 


iit 


, ov tapbotqet wht Za dude Ste 36 a ; 


é wots, alnubtvildt gulecd of me eb hilbes eet a8 tee 
. , fd 3 Lee", 

e aath!oor i leengtedge, bag puthened qalab of ore: ah, 
aniairhgres jon ont 


© Nae suentod J& bashed oale (COeennT torn “a 
























nen te jaune ude agatel vinta atin Oa 
wa wth ashe bee spare Laval Goin 


aco? boa segved  sebaeg mie : 

to a UL pecs ened task) bose sinena 15 

: ‘ve 

rotel whew 8 of @ qithaoed te acldeiuars : 
‘ 


rsomel , tat ye1) wee , vet qabry St) a 


de (2007) teaed bow qed Bae {tael) : 
ron Libw onlbaeve hide woda aaehKa 


semip <& taeda bevel (aoe ef) ‘eaesalt Sam - 


9, a 
mr bol WALETOLS att ania 4 Le 7 e 
wot ddie aly. ike Bee subiinntgd: & : 


') hee pete® \enigerdqest ed? giivewok 


* 


P roe ent) .& al eweta teqpe? 


tynbo? ealav Belrenajadd = oy : 


i ae 
e sould 2 iidan ovat (noes tak a . 

ariel: 
ae her 


ee ‘ 
2 


on) 





7 y oe, 
- : Le 7 
iC 


J 
fn pe An 
yu lad 
a 


7 7. _ 


94 


his review of cyclic reproductive activity, Giese (1959) states that 
"srowth and gamete maturation are eee influenced more by temperature 
than any Othengfactor."' Although there is no direct evidence that the 
onset of brooding in P. polymerus on San Juan Island is controlled by 
temperature, seasonal brooding trends follow sea water temperatures 

quite closely, as in P. sptnosus (Batham, 1945). 

Onset and cessation of brooding in P. polymerus takes place at 
approximately the same temperatures, even though these temperatures 
are not the same at Monterey Raye (Hilgard,, 1960) as on San Juan Island. 
At Monterey Bay brooding begins and stops at 12° to iB ace whereas 
brooding begins on San Juan Island at Bo 9°C and stops at 9° to 
L0G. 

Although air temperature has not been discussed much in the 
literature as an influence on reproductive activity in marine 
invertebrates, it may be considered as an important environmental 
influence on Polltetpes, the only intertidal pedunculate barnacle. 

P. polymerus is usually an upper intertidal inhabitant and insolation 
has been shown to raise its body temperature above ambient levels 

(but stabilizes 2 aito 5°¢C below rock temperature), whereas when 
submerged, P. polymerus assumes the temperature of the water (Fyhn 

Cid Ee tel:9 /2)8 Milter s possible that a critical minimum air temperature 
(@; gar, L5e.G) triggers breeding. 

Shortening day length has a direct influence on the onset of 
breeding in the winter breeder B. balanotdes (Tighe-Ford, 1967), but 
if photoperiod is causally related to the spring-summer breeding oF 


P. polymerus, it must have the opposite effect. 
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Reproductive cycle: effects of food. The time of larval release 
has been shown in B. balanotdes (Barnes, 1957) to be triggered by 
availability of food. Crisp and Patel (1969) found, however, that 
continuous feeding delayed the onset of breeding in B. balanotdes. 
One group of barnacles reproduces more or less continuously 
throughout the year (Table 8): E£lmintus modestus (Crisp and Davies, 
1955) and Verruca stroemta in the British Isles (Pyefinch, .1948b) 
and B. tinttnnabulun at La Jolla, California (Coe, 1932). Crisp 
and Davies (1955) found that regeneration of the ovary in Elmtntus 
depends upon the food supply. 
Barnes (1963a) and Barnes et ail. (1963) showed that gonad 
development in B. balanus occurs in the spring and early summer when 
phytoplankton is most plentiful. Patel and Crisp (1960a) found that 
the breeding rate in C. stellatus, B. amphitrite and B. perforatus 
depends entirely upon temperature and food supply. 
P. polymerus is distributed primarily in latitudes where food 
is rarely limiting. However, the major phytoplankton bloom in the 
Puget Sound area occurs in the spring (Johnson and Thompson, 1929-31) 
corresponding to the time of brooding, and this may influence its onset. 
Reproductive cycle: other environmental factors. Crisp (1959a) 
and Crisp and Clegg (1960) showed the date of fertilization in B. balanotdes 
to be strongly influenced by the amount of algal cover, wae action and 
currents. Those animals exposed to strong currents fertilized much later 
than those in calm water; animals growing in exposed areas were fertilized 
later than those in sheltered locations. Barnes and Crisp (1956) noted 
that controls in reproduction experiments must be chosen with care since 


"tidal level, aspect and access to surf" can profoundly influence 
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fecundity. Crisp and Davies (1955) showed that access to fast currents 
increased fecundity in Elminius, and that animals on the outer edge of 

a cluster had a higher proportion of brooding than those in the center. 
Blom (1965) showed the proportion of brooding in B. tmprovtsus to 
depend upon population density. 

Exposure to sewage and high residual chlorine concentrations at 
Monterey Bay reduced the numbers of adults brooding Aniytaicy, slowed 
gonad development, and reduced recruitment of P. polymerus (Holstrom, 
1970); brooding being the most sensitive of these 3 bet ad pe to 
pollution. There was also some evidence that fertilization was delayed 
due to the presence of sewage. Straughan (1971) observed large discrepancies 
in the proportion of adults brooding embryos (i.e., 10 to 907% in April, 
1969) from oiled and non-oiled areas, respectively, near Santa Barbara, 
California. The percent of adults brooding embryos in oil-clean areas 
is twice that of adults in natural oil seep locations nearby. Statistically 
significant differences in percent of adults brooding was noted by Hand 
et al. (1973) between populations at Duxbury Reef affected by the San 
Francisco oil spill and those at Bodega Head which had not been affected. 
The percent of adults brooding at the unoiled site was higher than at 
either oiled site in May, August and September. 

Even though P. polymerus has a brooding period on San Juan Island, 
local variation in reproductive activity occurs. Differences in brooding 
are observed on San uatt island at locations about 5 miles “apart. Thus, 
it is evident that environmental factors, e.g., wave action and fresh 
water run-off, may be operating on P. polymerus. 

Fecundity. In most crustaceans the number of eggs produced is 


a function of the mass (or a linear size measurement) of the parent 
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(Barnes and Barnes, 1968). However, when P. polymerus size (RC length 
which is directly proportional to dry weight, Fig. 9) was compared to 
embryo mass dry weight, no correlation was found. Of course, weight 

of individual embryos may vary according to the conditions under which 
they were produced in P. polymerus. Numbers of embryos brooded per 

adult sites also vary according to adult barnacle size, nutrient conditions 
and position on the shore (Barnes and Barnes, 1965), and latitude 

(Crisp, 61959). 

The number of eggs produced in B. balanotdes depends as much upon 
local conditions as upon latitude, the greatest number being produced 
under the most favorable habitat for feeding (Barnes and Barnes, 1968). 
The fecundity of Chthamalus stellatus (which feeds largely by extension 
of cirri like adult P. polymerus) is generally lower in protected areas, 
e.g-, bays. It is suggested that low egg production in this species 
may be related with sand scouring. The same possibility may exist in 
the populations of P. polymerus at Doran Beach near San Francisco 
(Table 3). Since P. polymerus produces fewer eggs near the southern 
end of its range (Straughan, 1971), it may also occupy a suboptimal 
habitat there. Although Barnes and Reese (1960) felt that San Juan 
Island comprises a suboptimal habitat for P. polymerus, and Barnes and 
Barnes (1968) measured an extremely low weight of eggs produced at San 
Juan Island (per standard increment of body weight) ine to several 
species of acorn barnacles, this study shows that fecundity of the San 
Juan Island populations matches fecundity at Monterey Bay in the center 
of its range (Table 9). Although the San Juan Islands are semi-exposed, 
the fast currents, frequent storms, and upwelling bring with them an 


abundance of plankton. 
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Although a slight difference in the composition of Polltetpes 
communities at the 2 study localities was observed, it is concluded 
that primarily the amount of wave action (quantity of food available 
and aeration, Crisp, 1960) and perhaps, secondarily, intertidal height 
(length of feeding time) and fresh water run-off play important roles 
in regulating growth rate, adult size, reproductive activity, and 
fecundity. 

When the number of broods Produced at each latitude are compared 
(Fables), it is noted that the fewest are produced at Bodega Head, 
slightly more at San Juan Island and Monterey Bay, and by far the most 
at santa. Barbara. However, only one-thousandth of the number of embryos 
are produced at Santa Barbara as at MonLerey Baylor San luaniisdand. 
The total reproductive output has, thus, suffered at the southern end 
of the species' range. 

When Hilgard (1960) compared fecundity in P. polymerus (Monterey 
Bay) and P. spinosus (New Zealand, Batham, 1945), she found that 
P. polymerus produces about 57 times the number of embryos per brood 
as P. spinosus. If we further compare fecundity (expressed here as 
the mean number of eggs produced per 25 mg dry body weight of a 
medium-sized animal) in P. polymerus at San Juan Island (2400 eggs) 
with that of P. cornucopta at Cabo Silleiro, Gilbralter (15,400 eges, 
Barnes and Barnes, 1968), we find about 7 times as many eggs produced 
per brood by the European Species... ~Sinte the weight of individual 
embryos in these 3 species is not known, one cannot compare the dry 
weight of embryos produced. Embryos in different species likely differ 
in size and/or weight; e.g., P. sptnosus produces large, yolky eggs 


while the eggs of P. polymerus are smaller and less yolky. Therefore, 
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intraspecific comparisons of fecundity are probably more meaningful 
than interspecific comparisons when one is limited to the present data. 

Copulation. It is not known if the daily decrease of tidal height 
during a monthly tidal cycle specifically affects breeding. It is 
likely that more "acting females" will be physiologically ready (with 
mature ova and well-developed oviducal glands) for breeding when 
previously restrained from breeding by lowering tidal levels. Thus, 
when the tide finally comes in, it may trigger a relatively high 
percentage of copulation. 

No external factors that were manipulated in this study successfully 
stimulated copulation in P. polymerus. Although copulation has been 
observed in the field for B. glandula during an incoming tide (Wong, 
1967), and for B. balanotdes (Walley et al., 1971) in the laboratory 
when resubmerged after several hours out of water, experiments of this 
type with P. polymerus produced no copulation. 

Wong (1967) observed "clearly directional probing" by the penis 
in B. glandula and B. tintinnabulum as did Barnes and Barnes (1956a) 
for B. balanotdes. Wong (1967) also noted multiple copulations with 
Pivecciver inves, Glanduia.withese observations Suggest that a receiver 
may produce an attractant. Collier et al. (1956) reported that treatment 
with ascorbic acid produced searching and copulatory activity in some 
balanoids and Barnes and Finlayson (1962) subsequently found that the 
semen of &. balanus contains much ascorbic acid. In only 1 case was 
any activity in P. polymerus noted: 2 barnacles were found extruding 
sperm and harboring ovulated eggs, but no copulatory activity was 


observed. 
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Wong (1967) observed that insemination stimulated ovulation in 
B. glandula and B. tintinnabulum and Walley et al. (1971) noted the 
same in B. balanoides. It is possible that ova or oviducal glands 
produce some chemical attractant which stimulates mating behavior and 
insemination. This behavior would then stimulate ovulation. However, 
Retthes crushed, ripe ova,nor ascorbic acid stimulated mating in 
B. glandula (Wong, 1967). 

Barnes and Barnes (1956a) observed that most barnacles molt 
after fertilization and have Suggested that molting may be intimately 
related to fertilization. It has been suggested that a basic physiological 
rhythm controls molting in B. balanotdes (Grisp and Patel, 1960). 

A number of conditions which tend to advance the fertilization 
date in B. balanotdes (high intertidal level, little water currents, 
low light intensity, low temperature and short day length) slow down 
the metabolic rate, suggesting a common mechanism (Crisp, 1959a). 

Likewise, from the environmental data recorded at San Juan Island, an 
increase in metabolic rate may influence onset and intensity of brooding 
in P. polymerus (low intertidal level, strong water currents, high 
temperature and long day length). 

Cross-fertilization is common in hermaphroditic barnacles. Copulatory 
activity and insemination have been described for B. glandula and Chthamalus 
dallt (Wong, 1967), for B. balanotdes (Barnes and Barnes, 1956a; Clegg, 
1957; Walley et al., 1971) and for B. balanus (Crisp, 1954). Obligatory 
cross-fertilization is likely for B. balanotdes (Crisp, 1950; Crisp and 
Patel, 1960), B. crenatus, Elmtnius modestus (Crisp, PDO L954 819585) 
and B. balanus (Barnes and Barnes, 1954; Crisp, 1954). Some barnacles, 


however, indulge in self-fertilization (Barnes and Crisp, 1956), since 
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experimentally isolated Chthanalus stellatus, Verruca stroemta and 

B. perforatus produce embryos. These ooeiee probably cross-fertilize 
most often in the field, but are facultative Selrarerti tigers. with 
breeding being slightly delayed from the normal period when isolated. 
Barnes and Crisp (1956) noted that self-fertilized eggs were frequently 
less viable than cross-fertilized eggs in the same species. 

P. polymerus of reproductively mature size apparently do not 
brood embryos when they are Separated by more than 11 ecm at Eagle Point. 
Hilgard (1960) showed that this species broods when isolated by up to 
Z0Scm 7) butsno farther, at Monterey s Bay, California. This distance 
probably depends upon penis length, and thus, adult size. 

Individuals in populations of P, polymerus are very dense, and are 
thisiwelleadanted forectross-ferti lization, Settlement is gregarious 
with cyprids preferring adult peduncles (Lewis, 1975b). When operculates 
show such behavior, it is largely to ensure the proximity required for 
obligatory cross-fertilization. However, Barnes and Reese (1960) stated, 
"There is evidence . . . that in Polltetpes polymerus self-fertilization 
teethesrule ss. 26. plteis unfortunate that this evidence is not 
presented for scrutiny. They argue that since Polltctpes is a primitive 
genus, self-fertilization may be an "evolutionary relict" or is secondarily 
derived. They suggest that aggregation protects the young and that 
settlement on adult peduncles may be a carryover from an ancestral 
subtidal species living where few good settling surfaces were available. 

Since copulation has not been witnessed, it is impossible to 
conclude whether P. polymerus cross- or self-fertilizes. However, since 
isolated individuals do not reproduce (Fig. 13; see also Hilgard, 1960) 
Snes ae ae may normally occur in P. polymerus, as it does in 


most other species of free-living barnacles (Clegg, 1957; Wong, 1967). 
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SOME OBSERVATIONS ON FACTORS AFFECTING EMBRYONIC 


1 
AND LARVAL GROWTH IN VITRO 


Introduction 


Batham (1946) first raised barnacle embryos (Polltetpes sptnosus) 
through to settling in vitro. That species produces yolky eggs which 
develop directly. Crisp (1959b) was the first to culture eggs which 
are less yolky and develop indirectly. Other attempts to culture 
embryos have been made with varying degrees of success (Barnes, 1957; 
Barnes and Barnes, 1959a; Patel and Crisp, 1960b), but few experimental 
studies have been performed with cultured embryos. Results to date 
have shown that temperature influences developmental time (Crisp and 
Davies, 1955; Barnes and Barnes, 1959a; Crisp, 1959b; Patel Loo = 
Patel and Crisp, 1960b; Crisp and Costlow, 1963; Blom, 1965) and 
probably influences embryo size as well (Patel, 1959; Patel and Cracoe 
IGOD)) = 

Using various techniques, workers have also cultured nauplii in 
the laboratory, some with success (Yasugi, 1937; Costlow and Bookhout, 
1958; Moyse, 1961; Hirano, 1962; Freiberger and Cologer, 1966; Tighe- 
Ford et als. 1970; Molenock and Gomez, 1972; Karande 6197/4) eer sp 
(1962) and Snodgrass (1967) were less successful. See reviews by 
Costlow and Bookhout (1957), Bookhout and Costlow (1959) and Moyse 
(1963) for information. 

Some variation of naupliar size within each stage has been found 
in most barnacles (Knight-Jones and Waugh, 1949; Norris and Crisp, 
1953; Jones and Crisp, 1954; Costlow and Bookhout, 1957, 1958; Moyse, 


1961; Molenock and Gomez, 1972). Extreme variability in size (Sandison, 


US Pe ee eT 
In press in Marine Biology 103 





M 










aptal 











- ~~ * ry ay} 
“i * 2. 

bnoio> nina it, nye 
- -) - 









om n+ 7a 
Pe a. i" 
tae 
a ¥ 


104 


1 0/ om bee bord setea? 41970) as well as variability in the oldest 
larval stages reached (Moyse, 1963) may reflect the effect of less- 
than-optimal temperature and light conditions and food concentration 
during naupliar growth. 

Natural supplies of barnacle larvae are impractical for experi- 
mental uses Since their availability may be seasonal and sorting 
Specimens from mixed populations is time consuming. With cultures 
being the most practical source of larvae, it is desixable ito identify 
the factors that affect growth and development. Furthermore, most 
pee of developmental timetables are not accompanied by detailed 
descriptions of the methods employed to determine those results. 

Thus, comparison of results from study to study is Very, disrreul i, 

In this paper, observations on the effects of antimicrobial drugs 
commonly added to cultures, illumination, aeration, embryo mass size, 
foods given to nauplii, and food density are reported for Polltetpes 
polymerus (Sowerby, 1833), a very common intertidal barnacle on the West 
Coast of North America. The data were collected during a study in 


which the barnacles were reared from gastrulation through settlement, 


Materials and Methods 


Culture of Embryos 

Adult Polltetpes polymerus were collected from the shore and dis-— 
sected for lamellae (egg masses) within 2 h. These lamellae were 
immediately divided into experimental groups. Control lamellae were 


placed in 200 cm? 


glass finger bowls with autoclaved and filtered sea 
water, natural sunlight from laboratory windows of north and south 


exposure (April to June, about 13 to 16 h light per day), and no drugs. 
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The water was changed and embryos were Samp edPevyery=2 fo so days. 
Variables introduced were: natural lighting or total darkness (as in 
the adult barnacle mantle cavity); aeration by constantly bubbling air 
through air stones into individual finger bowls (as in turbulent water, 
where there is much wave action) or no aeration; treatment with full 
and halt—strensth streptomycin, penicillin and chloromycetin (full 
strength as in Barnes and Barnes, 1959; Tighe-Ford et Cig: iAP) foye: rate 
treatment; flowing sea water or still water; and Pyrex vessels of 
varying sizes (100 to 1000 cm*). Three replicates of each of the 26 
culture conditions were used. Samples were taken Dy CULLINne OLE ar tiny 
piece of the outer lamella with glass needles and fixing in 95% ethanol 
so that embryos could be separated from one another and examined micro- 
Scopically to determine the stage of development and to detect morpho- 
logical anomalies. The containers were scrubbed and rinsed with tap 


water at each water change and embryo sampling period. 


Culture of Larvae 
Both single and multiple factor experimental designs were used to 
evaluate the effects of food types and food concentration individually, 
and in combination, on larval survival and development. A preliminary 
experiment was performed to determine the food types in which the 
best growth and molting rates could be found. The next experiment was 
designed to monitor growth differences between larvae fed different 
algae and differences between larvae fed 2 algal concentrations. 
Polltetpes polymerus lamellae in which nauplii appeared ready to 
hatch (Lewis, 1975b) were freshly collected and pooled in large finger 


bowls of sea water. The positively phototrophic Stage 1 nauplii hatched 
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out from the egg masses and collected in a narrow beam of ie bee On Ly 
those nauplii which swam into the light — within 30 min were used 
for experiments. 

Sea water was pumped to the laboratories through systems made of 
inert materials. The water was Millipore-filtered, removing particles 
as small as 3 HU, and ultra-violet light-treated for cultures. Anti- 
biotic solutions of Penicillin G and streptomycin sulphate were added 
(concentrations as in Tighe-Ford et al., 1970) when the water was 
changed. Water was collected every 2 to 3 days in 5-gallon (19-L) 
¢arboys and stored at 12° to 13°C. The preliminary experiments were 
conducted at the Friday Harbor Laboratories (ambient sea water tempera-— 
tures !2coto 135 Ce spring) and the later experiments at the Bodega Bay 
Marine Gene (ambient sea water temperature 13° to 16ace summer). 
All larval and algal cultures were continuously illuminated overhead 
by 20 W fluorescent tubes in an incubator for optimum conditions and 


maximum algal growth (Tighe-Ford et aZ., 1970). 


Preliminary Screening of Foods and Culture Conditions 

Various algae were cultured on diatom Medium F/2 (Guillard and 
Ryther, 1962) in nonsterile, unialgal culture and these were fed tome. 
polymerus ert so that a growth-stimulating food could be found. The 
following species were tested: Phaeodactylum tricornutum,” Platymonas 
suecta” and Platymonas sp.,° Isochrysis galbana,*?*? Skeletonema costatum,” 
Prorocentrum mtcans,* Chrysochromulina sp.,° Mtcromonas DUSiLiae 


Chaetoceros sp.,° Cryptomonas sp.,° Amphtprora sp.,* Ditylum Son 





?Primary culture wero Dr. J. Lewin, Oceanography Department, Univer— 
sity of Washington. *Primary Sones von Dr. R. Norris, Botany Depart- 
ment, University of Washington. “Primary culture from Bocas Bay Marine 
Station Collection. 
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Hymenomonas carterae,* Amphidintum sp.,' a small centric diatom,° a 
pennate diatom and combinations thereof. Algae were maintained in 1-L 
Erlenmeyer flasks and thinned by diluting with fresh medium when they 
became too dense. Larvae were grown singly in spot-plate wells and 
were monitored twice daily through the dissecting microscope for 
activity, general state of health, developmental stage, and amount of 
food in the gut (opaque, full; translucent, partly full; clear, empty). 
Exuviae were collected and preserved in 70% ethanol. Five replicates 
of each culture condition were made. 

Experiments showed that a large proportion of nauplii died at 
Stage 2 when fed most of these algae. Several negative effects on the 
larvae by algal foods were observed (Table 10). The culture conditions 
in which larvae lived beyond Stage 2 are presented in Tables 10 and 11. 

Larvae fed Prorocentrum micans and Prorocentrum mtcans /Platymonas 
Bp. eLcached stave 3 twice asifast at 17°C as at 12° and 13°C Crab lem dar 
The larvae grown at the higher temperature were also without antibiotics. 
At 17°C no larvae grew beyond Stage 3. Although it was impossible to 
determine which of these 2 factors was responsible for larval death, 
the decision was made to use ambient temperature sea water (as above) 


and to add antibiotics in later experiments. 


Food Type and Concentration Experiments 
The larvae were reared as batches of 125 (0.5 larvae/cm*) and 
450 (1.8 larvae/cm?) in 0.5-L Pyrex beakers initially prepared in 


cleaning solution. Black tape was attached around the outside of the 





°Primary culture from M. Landry, Graduate Student, Oceanography 
Department, University of Washington, 










= 7 i | _ 
rs 
: § 
) ; I sat y 
gy 
’ Ea 
A a rel 
we b §Kasoal log ste 
22 — 
e 1 
4 : : ‘hnes & atl: 
; 2 2 - Ue a ke 
re 
3¢03 (fo eFhewls 
= = r 
} J rf \ z at Fo | ts 
‘ Fics the 
+ 8 a" 
. 
; Scored ba LT avrns 
. ya 
ches ml bat ai 
: ica ey wore © ogazes 
* ~t 
pr iy 38) vg 
: b! 
agada beeryed Wo eg, mere ge | 
4 ; ” neo = 
_*. + ie | <; \ iv <n terra] 
e , 21009 ; * it fos AT pie 
a | el >. 
fou 6d ahem aqu } aka - sit: 
; } 
since “ot @ 2k assent et a2 
a a 7 
; 2 i 
a1 4% ° fe iy ors at or a 
a . ; ~~ = i nied 


7 . ¢ ay fs 7 7a not - ur + i 
1 { > cal rsa Yo bcges . ae terre 









af Are an i. abide mi) 





re 4 








» ; : Y7 , a , he fs : ry 7" oy, : 
Y  oaty fe une as ; ane | 
sted aw — a3 ae th 7 ; 


= ae o - i | 7 


108 


ptadixo SUDO UNTZUZIOLOAI 


: ‘ky : 3 
STTZow “AyTesy ovALe, {poysesut oe8 Ty prrd<oepen creators Sis tomieta 


“OBTANXO UTeJOLT ovAIeT SAT TeutoU 
; ; G WOJETp azeUuUEg 


FTOW 02 OTQeUN OeALeT ‘pojsoesuT oe3 Ty 


*doteasp jou op tng UNINUIODLIZ why hzoopoanyg 


“AYITTIOW UTeeI ovALeT {pejseSut oe3 Ty 


nung] 0b sishx«yoosy 


“pousyeom pue IT3IeYIOeT "ds Durqnuotyooshiy) 


‘ds un2uipryduy 
apiazdiva spuowouewhy 


euloseq “ALTTT}JOW eso, eeATeT {poqse3uT eesly 


CN Ce GN te 


ee N [aa aN Cae cae 


"ds unzhz1g 
"ds ntordryduy 
‘ds sodtaoozany) 
WOeTp ITI4UE5 


"ds spnuowozdhtg 


NE NES NSN Qe GN 


*adeoso 04 

8utjdusez3e AZLeue yonu dn asn pue peddexzque 

eeAteyT ‘sosepuedde [eare, 02 yoTIS oe8Ty 
UNIDZSOP DUIU0Z87 axAg 


Mae ccna. eeeeeeEeOeOeEeEeEeEeEeEeee eee 
S}[NsoYy poALosqg poeyoeel o8ejzs 1s92e7] pooy 


SF a ee a ae ae NNN IN! 


‘anbip quateffyp 121dnou burpoas fo saynsey *snaowktod SedTOTTTOd ‘OT eTqey 








Rania isyril of Aoite eaglhA 


ES gabeehisan gstn doom se hes boreorai : 
,Oqas2o-oF 
_ L ¢ 
— 
af ¢ 
iz 

= F 

: 
a x 

[ . Ty eunuler on To ] 4 

eaesed .eoiiffom wesi serts) ppeseey" eagla 4 
- hbapeteew Bad ‘siarceoret . : 
; ‘ ‘ 

' 

vz Wika vii “ ba O%/1 ie j 

an tay ats 
* re > ipa 
‘Vizio i j 
rege 
at i ton , veri 1 se e -z ¢ 


109 


ee ame 


Os T Orie i (setoeds umouyun) woieTgq 
OSV Oi [ae Sudo TU UNniZUueod010dg + *ds snuowh2n1g 
OF Vas: OT ies SUDO UnIZU2d0LOLg q 


Omen V O°L pb Uungnutoor14 uni hizoopoanyg + *ds spuowhz071g 
Ore i 02a wie a SUDO TU WALZUeD0LOAg + DuDq7zoB sishx«yoosT 


O40 1 al OmeO teal Oe He nung] 0B sishtyoost 


UNINULOO LI, wn hzovpoanyg 
+ subd uniqueo00iodg + *ds spuow/fzn71g 


(setoeds umouyun) woqeIg 


v 

O° Tet SubOTU UNIqUued0d0dg + *ds spuowh4n7g 
S SUDO WntZUZD0LOdAg 
S 


‘ds syuowhzn1g V 


98e 1S ZIet[dnen poo dnoir9 
Se a eee 
*‘paatasqo suauizoads fo daqunu ay, sd u *(a/a) 
[?l fo 024Da ey} ul pappod adem suorqzvUurquoo ur paf avbyy *s012021qG24UD OU Y21M DodletD qe aNGrs 
U2 22YdnNoU ©302201q12UD Y11M JQoST 02 o@r 20 aday aaem y dnouy UL 217dnNDy tUuNt 2014D4Uasaddau 


p wouf g ybnory,z g saboag aviqdnoy 07 butyozoy woaf shop fo zoqunu uvey *snazewkzod Sedtot[T[og “TT e1des 


2 |, 


=| 






= * 
G.2t i 
\ at 


cence cae econ oe oom 


Ss nn oo a ” 





may Tr Pa aE SEVEN |& 





* 


7 


ee 





ao wi 





ah 


— _ 


senatrt inedesoverrs “way 
[26 )25e8 3 


+ 2c ep ote 


ot keer S 





110 


beakers at the meniscus level to avoid naupliar concentration and 
stranding on the vessel's sides. Beaker tops were also covered with 
black tape so that larvae were provided with diffuse light (Tighe-Ford 
et al., 1970). The rearing vessels contained 250 cm® of cultured algae, 
Initial algal densities were calculated from the algal density-size 
Pelacionship given by Moyse (1963). These densities were kept constant 
(Table 12) by using a hemocytometer for calculating all concentrations 
when changing the water and food. Prorocentrum mtcans was used in half 
the concentration (5 cells/mm’) in the mixed food cultures as in the 
pure Prorocentrum micans-fed larval cultures (10 cells/mm*?). Due to 
Slow algal growth, the concentration in the other cultures fed 
Prorocentrum micans was also reduced to 5 cells/mm® on Day 27. On 

Day 30, the Platymonas sp. concentration was increased from 500 to 1000 
cells/mm* in the pure Platymonas sp.-fed larval cultures to determine abe 
an increase in growth rate would result. 

Replicates of each culture situation were run. The larvae were 
sampled and examined every 2 to 3 days. Filters with 73 and 130 u 
meshes were used to capture early and later stages of nauplii, respec- 
tively, when changing the water. About 4% of the initial larval popula- 


tion was removed and placed in 95% ethanol at each change. 


Results 


Factors Affecting Embryonic Development in vitro 
The effects of 4 categories of environmental factors were studied: 
1) natural illumination or complete darkness; 2) whole or half lamellae; 


3) aeration or no aeration; 4) 6 different drug combinations. To 
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Table 12. Pollicipes polymerus. The algae fed to naupltt whteh resulted 
tn best growth. A: approximate stze of individual cells Ds 
B: approximate no. of cells/mm? in reartng vessels; C: approx- 
tmate no. of cells in each rearing vessel. 
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determine the effect of 1 condition in a multiple factor experiment, 
pairs of test samples differing in but 1 variable were contrasted. 

Darkness, aeration and small lamella size promoted faster embryonic 
growth (Table 13). Addition of full- or half-strength drugs shortened 
the average development time from labrum formation until hatching by 
O14 to 2:3 days. In all cases but 1, full-strength drugs increased 
growth rate in comparison to half-strength drugs, and half-strength 
drugs increased growth rate in comparison to no drugs. Full-strength 
compared to half-strength dosage tests were pooled and averaged, and 
the same was done with half-strength drugs compared to tests without 
drugs. Developmental rate was increased over the control embryos by 
an average of 0.2 days when the first half dosage of drugs was given, 
and by an average of 1.3 days with the second half. The second dosage 
was more effective than the first, possibly indicating a cumulative or 
threshold effect. 

Abnormal embryonic development was determined by 1) asynchronous 
organ development compared to the normal pattern, and 2) lack of larval 
hatching although the egg mass was fragmenting. Embryos cultured with 
full-strength drugs developed abnormally more often than those with 
half-strength or no drugs. Embryos retained in whole lamellae and kept 
in natural illumination appeared more susceptible to factors causing 
abnormal development than those in half lamellae kept in the dark. 
Aeration did not affect normality of development. Embryos cultured in 
different sized vessels developed at the same rate. Embryos cultured 
in running water developed more blue-green algae and diatom epifaunal 


growth than those in still water. 
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Effects of Food Type on Larval Development 

Five feeding regimes were employed in the larval experiments: 
Platymonas sp. and Prorocentrum mtcans, separately and together, and a 
pennate diatom (unknown species) alone and with Prorocentrum micans. 
The average larval sizes were very similar up to 6 days after hatching, 
at which time larvae eating Prorocentrum mtcans/Platymonas sp. began to 
grow faster than the other larvae, and nauplii eating the diatom began 
to grow slower (Figs. 19 and 20). The correlation coefficients between 
larval stage and time were high in all cases except when larvae were 
fed the Prorocentrum micans/diatom diet (r = 0.34, Table 14). There- 
fore, regression lines were plotted for the 6 remaining cases. The 
coefficient of determination (v7) shows the amount of variation in the 
stages reached by larvae due to time (i.e., growth) alone. The yr? 
value was high (above 70%) except for larvae eating Prorocentrum mtcans/ 
diatom which died 18 days after hatching, and for larvae Catingw.. 
mtcans alone (Table 14). 

Larvae fed Prorocentrum micans /PLatymonas Sp. grew to Stage 6 
faster (from Day 9 through Day 30) than larvae fed either alga alone or 
auyeoChereal pas(Fiss 19 and 20-sTablesl4). Indications that the 
combination food enhanced larval growth to Naupliar Stage 6 more than 
either component alga were: 1) the average stage value for the 
combination food was greater than for either component (Table 14); 

2) less variation in growth rate was due to time in individuals eating 
either food separately than in Decode eating the combination food 
GRe.. Table 14); 3) larvae grew faster on the combination food than on 
either component food (predicted average time, Table 15). Predictions 


of the average time when most larvae molted to a certain stage under 
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Figure 19. 


Pollicipes polymerus. Growth of nauplii (mean length * 
standard deviation), on several diets, disregarding larval 
density and naupliar stage. Growth between nauplii eating 
different foods may be compared. (Larval density does 

not appear to restrict growth within the density range 
considered here, as shown by high coefficient of 
determination values between naupliar stage and time, 
except in the case of larvae fed Prorocentrum MLCQns , 
which are treated separately.) 
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Figure 20. 


Polltctpes polymerus. Growth of nauplii from stage 
to stage, disregarding larval density in cuLeune. 
Growth between nauplii eating different foods may 

be compared. Bars represent percent of the total 
sample at each stage, the distance on the ordinate 
representing each stage is 100%. Numbers above the 
bars are sample sizes. Regression lines and equations 


are shown. 
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culture conditions were made by inverse estimation (Williams, 1959; and 
Table 15 of present paper). However, larvae fed Prorocentrum micans 
alone in the low larval density culture or Platymonas sp. alone, grew 
almost as fast as those on the combination diet. A few reached Stage 6 
the same time or 3 days later than those eating the combination food; 
and see 32% of the larvae eating Prorocentrum micans alone developed 
to the cypris stage, while only about 3% of those eating the combination 
food grew to that stage. 

In a subsequent experiment, approximately 75,000 Stage 1 nauplii 
were cultured in 6 4-L beakers with Prorocentrum micans/Platymonas sp. 
Little mortality (15%) to Stage 6 was observed with this method. 

The growth rate of barnacles fed the diatom alone was slower than 
for those fed any other food. Larvae fed the Prorocentrum mtcans/diatom 
combination began with a faster growth rate, but most larvae died before 
reaching Stage 4. Possibly some negative interaction of the Prorocentrwm 
micans/diatom food affected the larvae fed this combination, since they 
died by the 18th day after hatching while those larvae fed either food 
separately lived at least to the 42nd day. This food combination may 
not have the essential nutrients necessary for larval growth past the 
critical Stage 3. 

If interactions between algal food species do occur, by producing 
growth stimulators or inhibitors, or by other means, they may be quanti- 
fied with Interaction Index, I, calculated from the formula: 
fh Ley - [y Day + (1 - y) La] where Ley is the mean larval maha of 
specimens eating the mixed food on Day 1; Lay is the mean length of 
those eating the first alga on Day 1; Lay is the mean length of larvae 


eating the second alga on Day 1; y is the fraction of the first alga 
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added to the mixture (calculated using total cell volume; Fig. 21). In 
determining the food "interactions," it should be kept in mind that the 
proportion of foods available was taken into account, but the assumption 


that the larvae will eat the food in this proportion may not always hold. 


Effects of Larvae-to-Food Ratio on Larval Development 

The amount of variation in growth rates that is explained by growth 
alone (r*) in larvae eating Prorocentrum micans is low (65.6%). However, 
when these larvae are divided into the 2 larval density groups, more of 
the total variation appears to be explained. That is, growth depended 
on larval density as well as food type and time in these larvae. When 
the rate of growth of larval length and the rate of transformation from 
1 stage to the next were plotted for larvae in the 2 density groups 
(Figs. 22 and 23), differences were observed. When the P. mtcans 
concentration was kept constant, an increased number of larvae depressed 
the larval length and width from 6 to at least 27 days after hatching 
(Fig. 22). Growth from stage to stage was also slower in high larval 
density cultures (Fig. 23). Stage 2 lasted much longer (18 days) in the 
higher larval density culture than in the lower larval density culture 
(9 days). A decrease in larval size was also observed in both cultures 
27 days after hatching, corresponding to a decrease in food concentra- 
tion by 50Z. However, the amount of variation in growth due to time, 
food type and larval density in the 1.8 larvae/cm? culture fed Prorocen- 
trum is still low; more factors must be involved. 

In cultures fed Prorocentrum mtcans/Platymonas sp., high-density 
Specimens were delayed 6 days at Stage 2 and 9 days at Stage 3 compared 


‘to low-density specimens. Larvae in the 2 densities were equally active 
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Figure 21. Polltetpes polymerus. Effect of diet on naupliar growth 
Filled circles: Platymonas sp. plus Prorocentrum mLcans ; 
open circles: Prorocentrum micans plus unknown diatom. 
The Interaction Index expresses the effectiveness of 


diet in promoting growth (see Interaction Index equation 
in text). 
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Figures22. 


Polltetpes polymerus. Growth of naupliar length and 

width (mean + standard deviation), disregarding naupliar 
stage for nauplii eating Prorocentrum mtcans at 2 larval 
densities in culture. Open squares: length of individual 
at a density of 1.8 larvae/cm’; filled squares: width at 
a density of 1.8 larvae/cm?; open circles: length at a 
density of 0.5 larvae/cm?; filled circles: width at a 
density of 0.5 larvae/cm?. 
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Figure 23. 


Pollietpes polymerus. Growth of nauplii from stage to 
stage for larvae eating Prorocentrum micans in culture. 
Growth between nauplii at 2 larval densities may be 
compared. Bars represent percent of the total sample 

at each stage, the distance on the ordinate representing 
each stage is 100%. Numbers above the bars are sample 
sizes. Regression lines and equations are shown. 
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until 39 days after hatching. At this point the setae of larvae in the 
low larval density culture became ae with Platymonas sp. While 
lateral eye pigmentation developed in the low-density larvae first (27 
days after hatching) compared to the high-density specimens (30 days 
after hatching), cyprids developed only in the latter group. 

Although no size or growth rate differences were noted for speci- 
mens in the 2 larval densities grown in Platymonas sp. alone, more 
vigorous feeding and swimming activity was observed in the culture with 
lower larval density from the 24th to the 39th day after hatching. On 
the 30th day after hatching, the Platymonas Sp. concentration was 
increased by 50% in both cultures to determine the effect of increased 
food availability. On the 39th day after hatching, larvae in the lower 
density larval culture became entrapped in Platymonas sp. and its mucus. 
By the 42nd day after hatching, larvae in both cultures experienced 
this problem and most died soon after. 

Other density effects were observed: in cultures fed Prorocentrum 
mtcans/diatom, a few low-density animals grew to Stage 5, whereas no 
high-density larvae lived past Stage 4. When larvae were fed the diatom 
alone, decreased activity and increased mortality rates were observed 
first in the low larval density culture (27th day after hatching) 
followed by the high larval density group (39th day after hatching). 

On the 30th day after hatching, the larvae from both cultures became 


entangled in algal mucous nets. 


Discussion 


Embryonte Growth in vitro 


From early development to second cleavage, the data from Nussbaum 
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(1890, culture temperature not indicated)-agree approximately with the 
rate of development of Pollteipes polymerus at 13° to 15°C (Lewis, 1975b; 
see Table 16 of present paper). Development from gastrulation to 
appendage bud formation took 1 day longer under the conditions of 
Nussbaum's cultures. The naupliar eye developed more slowly but hatching 
occurred 5 days earlier. Hilgard's cultures (LOGO. 13 Cy eot 22: polymerus 
grew more slowly at all phases, taking 5 days longer to develop to 
hatching. Hilgard's data agree more closely with those given for. 
P. sptnosus by Batham (1946) than for P. polymerus (Lewis, 1975b). 
However, it is reasonable to expect that the yolky embryos of P. sptnosus 
would take longer to complete embryonic development than the smaller, 
less yolky eggs of P. polymerus (Anderson, 1965, 1973). 

It has been shown that embryonic developmental rate is a function 
of temperature in several barnacle species (Crisp, 1959b; Patel and 
Crisp, 1960b; Crisp and Costlow, 1963). Thus, it is possible thar the 
developmental rate differences between the current (Lewis, 1975b) and 
the 2 previous studies (Nussbaum, 1890; Hilgard, 1960) are primarily 
due to variations in culture temperature. On the other hand, the 5 day 
difference in developmental times for P. polymerus is probably too 
great to be explained by a single factor, since a 2 °C difference in 
temperature (14 minus 12°C) only made a difference of 2 days in develop- 
mental time for Balanus balanotdes at a late stage (Crisp, 1959). 
Other factors (photoperiod, lamella size, amount of aeration, and 
addition of drugs) also affected developmental time (Table 13). Of 
these factors, aeration appears to be one of the most consistent since 


it shortened developmental time in 76% of the cases observed. 
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Table 16. Pollicipes spp. Time when event occurs for majority of 
embryos observed tn culture. Developmental timetable 


(after Lewts, 1975b). Data from other authors ts compared. 


a 


Stage : (13-15°C) (13°C) (?°C) (14-15°C) 
Lewis, 1975b Hilgard, 1960 Nussbaum, 1890 P. sptnosus 
Batham, 1945 


ee a ee ee ee ee 


Unfertilized eggs (sperm added) 0 

Eggs round up, fertilization membrane 0.3 h 

Fertilization membrane becomes sticky 0.6 h 

First peristaltic constriction rings 1.34 

First polar body, 2 constriction rings 2.0 h 
oe peristaltic constriction rings, 2.2h first seen (x) 

ggs eloncated 
Egg membrane begins lifting rad Th) 

1-2 peristaltic constriction rings 4.8h 
Bae mena uertictlon rings, $3 4% rersya ts 

Egg membrane lifted 8.3h ea ae 
First cleavage 29.0 h first seen (x) x + 26h x + 1 day 
Second cleavage 30.0 h x + 1 day 
Third cleavage 37.5 h 

Fourth cleavage 55.2h — x + 3 days 
Fifth cleavage (31 cells) 60.0 h 
Sixth cleavage 65.0 h 
Gastrulation by epiboly 3.1 days x + 4 days x + 6 days 
Division of internal yolky cell 4.4 days x + 4 days x + 4 days 
Formation of mesoblast cells 5.1 days x + 7 days 
Segmentation 6.8 days x + 7-8 days x + 8 days 
Naupliar appendage buds 9.0 days x + 10 days x + 10 days x + 9 days 
Origin of labrum and gut 11.3 days x + 13-14 days 
Appendages with setae, origin of coelom 12.6 days x + 14 days 
Naupliar eye,pronephros, horn gland 13,3 days x + 16 days x + 16 days x + 14-17 days 
Sree eee nanos: 16.7 days x + 19-24 days 
Hatching 25.4 days x + 29-3] days x + 20 days x + 30-32 days 
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Crisp (1959b) found that the youngest embryos are most affected 
by culture conditions. If it is assumed here that the addition of 
drugs (10.9 days, no drugs minus 9.6 days, full-strength penicillin- 
streptomycin-chloromycetin = 1.3 days) plus the breaking of lamellae 
into 2 pieces (0.2 days) increased the developmental rate of P, 
polymerus by 1.5 days from labrum formation to hatching, it is likely 
that the developmental rate of earlier Stages was increased by 2 to 3 
times that amount (3 to 5 days). The 9-day difference between develop- 
mental time to hatching in this (Lewis, 1975b) and the other 2 studies 
(Nussbaum, 1890; Hilgard, 1960) can be accounted for by assuming a 
1-day difference due to temperature plus an average of 4 days due to 
addition of drugs and cutting the lamellae into 2 pieces) ltersealco 
likely ae 7ahs recording of time until hatching (duration of the 
eye-stage) varies with the definition of when hatching commences used 
by various investigators. The mean time from fertilization to hatching 
observed by Lewis (1975b; 25.4 days) lies halfway between the times 
found by Nussbaum and by Hilgard and the range includes their points. 

The rate of aerobic respiration of the embryo mass depends on the 
size and shape of lamellae and the amount of aeration (Crisp, 1959b) 
and on temperature. A higher density of entangling blue-green algae 
and diatoms developed in embryo cultures grown in natural illumination 
than in those grown in darkness. Addition of drugs apparently reduced 
bacterial and fungal contamination, which would have limited water 
circulation through the embryo mass and have used up some of the avail- 
able oxygen. This reduction of contamination slightly increased the 
rate of embryonic development. 


It.is possible that the drug dosage was too high and that the 
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metabolism of some embryos was changed, thus altering slightly the 
pattern of development and causing some eno iee 

Optimum culture conditions would probably consist of: aeration, 
drugs at slightly lower dosage than the half-strength used, darkness, 


and lamellae cut into pieces. 


Naupltar Growth in vitro 

From the preliminary experiment, it was observed that naupliar 
growth and development depend primarily on the species of algal food 
available. Bivalve larvae can be killed by high concentrations of 
alpalpeellseandstheir filtrates (loosanoff et al., 1953), i.e., both 
mechanical interference of food cells with larval swimming and feeding 
mechanisms and toxic metabolites secreted by the algae may be lethal. 
This eppears to be os with P. polymerus nauplii (Table 10). 

Wisely (1960) showed that cultures with low larval density had 
lower mortality rates and grew faster than those in crowded cultures. 
In the present experiments, only Prorocentrum mtcans-fed nauplii were 
affected significantly by larva to food ratios (density). Apparently, 
in all cultures except the high larval density culture fed P. mtcans, 
a sufficient algal concentration was available to sustain a fast growth 
rate. 

A nearly optimum feeding schedule for P. polymerus nauplii in 
culture might be: 500 cells/mm? of Platymonas sp. for the first 9 to 
10 days after hatching, and thereafter 5 to 10 cells/mm’ of Prorocentrum 
mtcans added to the Platymonas sp. until the Stage 6 nauplius is reached. 
Platymonas sp., a small flagellate, is probably ingested more easily, 


particularly by young nauplii, than Prorocentrum micans, a large 
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dinoflagellate. However, the addition of Prorocentrum mtcans to 
Platymonas sp. appears to encourage larval growth in the later stages 
(Fig. 19) and a positive interaction is implied from the higher growth 
rate observed when the 2 algae are eaten together (Fig. 21). It is 
likely that each alga lacks a different nutrient necessary for optimal 
growth of Polltetpes polymerus larvae, and when both algae are avail- 
able as food, neither nutrient is lacking. 

The negative interaction observed for this combination of algae 
during the first few days of naupliar growth (Fig. 21) may be due to 
the larvae spending energy attempting to eat the Prorocentrum micans 
which is too large to ingest at this time. Larvae fed Platymonas sp. 
alone did not develop into viable cyprids and most did not even develop 
compound-eye pigmentation in Stage 6. The setae of Stage 6 larvae 
(39th day after hatching) eating Platymonas sp. alone or in combination 
with Prorocentrum micans became entangled with the Platymonas Sp. 

This is probably due to the great number of plumose and feathery setae 
which develop at this stage (Lewis, 1975b) and to the long duration of 
Stage 6 before metamorphosis to the cypris larva. Only 3% of the larvae 
eating Prorocentrum mtcans/Platymonas sp. metamorphosed to cypris. 
Decreasing the Platymonas sp. concentration when larvae reach Stage 6 
might eliminate this problem. Even when fed Prorocentrum mtcans/Platy- 
monas sp. throughout naupliar life, 85% of the larvae reached Stage 6. 

The unknown pennate diatom must have provided most of the nutrients 
necessary for larval growth to Stage 5 (Fig. 20). Although the diatoms 
were observed in the gut, some factor critical to molting may hereabeen 
lacking in the diet, molting was inhibited, or some other growth factor 


may have been involved. In any case, at the time when addition of 
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Prorocentrun mtcans to Platymonas sp. enhanced larval growth rates, 
growth declined in the barnacles fed the Prorocentrum mtcans/diatom 
until all the larvae died. Although the early death of larvae fed the 
P, mtcans/diatom diet occurred in 2 separate cultures, it may be 


attributable to uncontrolled variables other than diet. 





6 
DEVELOPMENT: FERTILIZATION THROUGH SETTLEMENT 


Introduction 


Polltctpes polymerus (Sowerby, 1833) is an exclusively littoral 
species (Pilsbry, 1907: Barnes and Reese, 1960) found in the upper 
two-thirds of the intertidal zone, commonly associated with My tt lus 
ealtforntanus and Pisaster ochraceus along the open California coast 
(Ricketts and Calvin, 1968) in areas with strong wave action (Cornwall, 
1969). P. polymerus appears to occur only in dense clusters and is 
rarely solitary (Shelford, 1930; Towler, 1930; Barnes and Reese, 1960). 

Although this species is one of the most common intertidal inverte- 
brates of the unprotected, rocky shore of the West Coast of North 
America, eis of its embryological development and nothing of its 
larval development or of its settling behavior has thus far been known. 
Attempts to describe naupliar development to the cypris stage (Hildreth, 
1950, Snodgrass, 1967) have been unsuccessful. It is important, then, 
to learn the details of development in this animal so that its embryos 
may be cultured for future experiments and its larvae easily recognized 
in plankton samples. 

Nussbaum (1890) accurately described first cleavage, polar body 
formation and gastrulation in Polltetpes polymerus, but gave no detailed 
account or timetable of developmental events. The naupliar outline and 
internal organs observed by Nussbaum (1890) of a Stage 1 nauplius 
appears to be correct, but the) setation!idis inaccurate.; »Groom's) (1894) 
notation for staging Balanus perforatus and Lepas anattfera embryos was 
also used in reference to P. polymerus embryos by Barnes and Barnes 


(1959a), although the emphasis was not on a description of the 
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developmental events. A comprehensive review of cirripede embryonic 
development is given by Anderson (1973). 

This chapter describes the embryonic and larval development and 
settlement of Pollictpes polymerus and compares its naupliar stages 


with those of other pedunculate species. 


Materials and Methods 


Ferttltzatton Events 

Polltctpes polymerus were collected with care to insure healthy 
adults when im vitro fertilization was attempted. They were most 
easily removed intact when attached to Mytilus californtanus. Many 
barnacles were opened until one was found with sperm already deposited 
in the mantle cavity. These were the only sperm which successfully 
fertilized the eggs (see also Walley et al., 1971). Sperm, eggs from 
the ovary or oviduct ready to ovulate, and oviducal gland fluid were 
mixed and kept at ambient sea water temperature. The most successful 


observations of fertilization events were accomplished with individual 


eggs. 


Culture of Embryos and Larvae 

Egg masses (lamellae) with newly-fertilized eggs were taken from 
adult mantle cavities. Fertilized eggs (in vitro as well as tn vtvo) 
were cultured in grossly-filtered, Millipore-filtered or autoclaved 
sea water in small finger bowls at ambient sea water temperature (summer 
at Friday Harbor, Washington: 12° to 15°C; Bodega Bay, California: 
13° to 16°C). Streptomycin and penicillin (Tighe-Ford et al., 1970) 


and 1 mg/L chloromycetin (Barnes and Barnes, 1959) kept bacterial and 
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fungal growth low. Fresh, aerated sea water was added daily. 

Nauplii were collected upon Seeareraree raised tn vittro through 
all 6 stages (Lewis, 1975a). Larval stages were described and measured 
using a Wild M-20 compound microscope, calibrated ocular micrometer and 
drawing tube. The nauplii were transferred to 85% lactic acid for easy 
manipulation (Dudley, 1957), stained with alcoholic black E (Perkins, 
1956) in lactic acid for 2 to 12 h, depending on the stage, and dissected 
with fine tungsten needles (0.02 cm diameter, eroded to a point using 
molten sodium nitrite). An identified series of larval stages is 
deposited with the National Museum of Natural History in Washington, 


D.C., U.S.A. (NMNH 150124). 


Desertptton of Larvae 

Nauplii from each of the stages of several broods were measured. 
Total length was measured from the extreme anterior part of the body to 
the tip of the caudal spine or abdominal process, whichever was longer. 
Width was measured at the widest portion of the carapace and length of 
the carapace (distinct from the body in Stages 4 through 6) was measured 
from the extreme anterior part of the body to the most posterior part 


of the carapace. 


Settlement of Cyprids 

The sea water was no longer changed in laboratory cultures once 
cyprids appeared. The cyprids were presented with various substrates to 
determine some factors responsible for stimulating settlement: 1) plain 
and etched glass slides (set in flowing sea water for 48 h to develop 
primary films); 2) slides plus whole adult Polltctpes polymerus extract; 


3) whole adult P. polymerus extract (in glass beakers); 4) healthy 
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adult P. polymerus; 5) epidermis from the adult P. polymerus; 


6) mudstone from Duxbury Reef, California, USA. 


Results 


Embryogenests 

From the culture of embryos, a developmental timetable was con- 
structed (Table 17). The egg of Polltetpes polymerus was yolky and 
golden yellow-orange in color. The fertilized egg averaged about 100 u 
in diameter. Before Fertilization. it was irregular in shape; after 
fertilization, it became spherical and then elongated to a shape 
resembling a hen's egg. 

The fertilization membrane lifted from the egg, became sticky, 
and appeared to be responsible for the adhesion of eggs to each other 
(seenalso Walley ptoaq? 1971), The first polar body formed at the 
egeg's animal (blunt) pole. A description and preliminary analysis of 
the peristaltic constriction phenomenon has been given (Lewis et Cle « 
i973). Inis active movement, coupled with ooplasmic segregation of 
yolk platelets to the vegetal pole, suggests a reorganization of other 
materials as well as the yolk at this time. Globules of lipid yolk 
were identified moving vegetally. The tough, ovoid egg membrane was 
first observed at points of the constriction rings. It provided pro- 
tection to the embryo and rigidity to the egg mass. The second polar 
body formed within the egg membrane. After fertilization, there was 
a shrinkage in embryo volume (Table 17, first constriction stage) 
followed by a gradual increase in volume. This has been noted in other 
barnacle species (Groom, 1894; Crisp a l954) . 


As a result of the preponderance of yolk, cleavage was modified 
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Table 17. Pollicipes polymerus. 


stzes (measured tnstde egg membrane). 


observed. 





Stage 


Unfertilized eggs (sperm added) 

Eggs round up, fertilization nenbrane 
Fertilization membrane becomes sticky 
First peristaltic constriction rings 
First polar body, 2 constriction rings 


3-5 peristaltic constriction rings, 
eggs elongated 


Egg membrane begins lifting 
1-2 peristaltic constriction rings 


1-2 peristaltic constriction rings, 
second polar body 


Egg membrane lifted 

First cleavage 

Second cleavage 

Third cleavage 

Fourth cleavage 

Fifth cleavage (31 cells) 

Sixth cleavage 

Gastrulation by epiboly 

Division of internal yolky cell 
Formation of mesoblast cells 
Segmentation 

Naupliar appendage buds 

Origin of labrum and gut 

Appendates with setae, origin of coelom 
Naupliar eye, pronephros, horn gland 


Limb movement within eqg membrane, 
body transparent except for gut 


Hatching 


—_—_—_——_—_—_-_—-——————————— ——————— eee 


fean embryo size (}:) 


Greatest 

n Width Length 
10 80 105 
10 100 100 
10 100 100 
9 60 140 
6 60 140 
9 85 140 
9 85 140 
9 85 140 
10 90 140 
10 93 140 
10 93 140 
10 95 140 
10 100 145 
10 100 145 
10 90 130 
5 90 135 
10 80 100 
10 80 110 
7 90 130 
20 80 120 
10 100 160 
10 115 185 
10 115 185 
10 130 200 
3 135 220 
10 130 250 


Developmental timetable with embryo 


10 


8 


n: no. of specimens 


Time when event occurs 
for majority of embryos 
observed in culture 


(13-15°C) 


Mean 


0 


0.3 


0.6 


65.0 


11.3 


12.6 


13.3 


16.7 


25.4 


h 


h 

h 

days 
days 
days 
cays 
days 
days 
days 


days 
days 


days 


Range 


——— eee 


0.2-0.5 h 


0.6-3.5 h 


0.2-2.2 h 


2.0-4.2 h 


2.0-4.2 h 


4.0-6.0 h 


4.0-6.0 h 


6.7-9.0 h 
22.0-50.0 h 
24.0-39.5 h 
29.7-46.5 h 
46.2-67.2 h 
52.0-68.0 h 
59.8-71.2 h 

2.1-4.3 days 

2.5-8.6 days 
4.2-6.0 days 
4.1-11.1 days 
5.2-15.3 days 
9.7-16.3 days 
11.1-15.1 days 


11.7-16.1 days 


15.3-18.1 days 


20.3-30.1 days 
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spiralian and unequal. During the first cleavage, which was equatorial, 
the blastomeres rotated within the egg membrane, producing an anterior 
AB micromere and a posterior CD macromere. Although the lineage of 
individual cells was not followed throughout development, it appeared 
that the rest of development was similar to that described for other 
hermaphroditic barnacles with planktotrophic larvae, e.g. Lepas anattfera, 
Balanus perforatus and Chthamalus stellatus (Groom, 1894), B. balanus, 
B. balanotdes (Barnes, 1965) and Tetracltta rosea (Anderson, 1969). 
However, it differed from barnacles with lecithotrophic development, 
e.g. Pollicipes spinosus (Batham, 1946) and Ibla quadrivalvts (Anderson, 
1965; see also Anderson, 1973). Embryonic development is shown in 
PIsurese24eande2 5: 

A fairly reliable method of estimating the developing embryonic 
stages uses lamella color and texture. Thus, lamellae bearing eggs just 
fertilized were pale orange, flimsy as determined by manipulation, and 
rounded. In those with young embryos (formation of blastoderm to 
formation of naupliar segments) lamellae were light orange, firm, brittle 
and flattened. In advanced embryos (marking out of naupliar appendages 
to origin of body cavity) the lamellae were bright orange, firm, brittle 
and flattened. In the pre-hatching stage with naupliar eye, the 
lamellae were dark orange, brown or dark pink, flattened, crumbling or 
fragmented. 

Embryos cultured singly developed slightly faster than those in 
lamellae, and embryos on the periphery of the lamellae were slightly 
ahead of those nearer the center. The mean and range of time to each 
developmental stage from fertilization are given in the developmental 


timetable (Table 17). 
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Figure 24. 


Polltetpes polymerus. Embryonic development, all 
photographs are from living specimens; A and B using 
Nomarski optics, C to I using phase-contrast optics. 


A. 


Just fertilized egg, showing the fertilization 
membrane (f) starting to elevate; note homogeneous 
yolk globules. X 300. 


Egg with the first polar body formed (pl); note 
2 shallow peristaltic constriction rings. X 300. 


Fertilized egg with peristaltic constriction rings 
increasing in intensity and number (5); egg membrane 
(e) beginning to lift; note ooplasmic segregation of 
yolk droplets from the animal pole (a) to the vegetal 
pole (v); fertilization membrane is removed. X 430. 


Egg with the second polar body (p2) formed; ooplasmic 
segregation almost completed. X 400. 


2-cell stage, after rotation of the cleavage plane; 
note the lipid droplets in the CD macromere. X 300. 


4-cell stage with nuclei at metaphase; note the D 
macromere with the majority of yolk. X 300. 


6- to 8-cell stage; note the 1D macromere with the 
majority of the yolk. X 260. 


28- to 33-cell stage; micromeres moving to cover the 
macromere by epiboly. xX 400. 


Gastrula, showing the blastoderm around the central 
yolky cell and the blastopore is closed. X 520. 


[4/3 











Etourem2o. 


Pollicipes polymerus. Embryonic development, all 
photographs are from living specimens; phase-contrast 


optics. 

J. Embryo with the yolky cells dividing. X 420. 

K. Embryo forming ventral furrows (segmentation) ; 
mesoderm is differentiating; lateral view. X 470. 

L. Embryo forming 3 paired naupliar appendages 
(antennules, antennae and mandibles) and 
post-naupliar region; lateral view. x SAGE 

M. Embryo with labrum (1) developing, setae 
appearing on the appendages and yolk becoming 
restricted to the gut; lateral view. X 300. 

N. Hatching nauplius, with a median eye. X 240. 


YS 
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Hatehtng and Early Naupltus Stages 

Hatching occurred partly as a result of mechanical abrasion with 
the ege membrane by the actively moving nauplius. Normally, hatching 
occurred within the mantle cavity or, upon expulsion, in water currents 
from the adult. When some adults were kept out of water for approxi- 
mately P2eiagcO samilate low tide and then reimmersed in dishes with 
swimming Artemia salina for food, they extruded clouds of hatching 
nauplii. The streams were propelled at least 3 cm from the adult. 
However, when the lamellae were removed prior to natural hatching and 
expulsion and cultured in vttro, hatching occurred only in part of the 
population and Sporadically over a period of days. 

after hatching, the nauplii remained in the first Stace rronea 
few minutes up to several hours before molting to Stage 2. First 
stage nauplii apparently did not feed, since they molted almost 
immediately to the second stage. At the second naupliar Stage, the 
digestive tract was functional; peristaltic contractions were observed 
to move food in the gut. Sometimes contractions appeared only in the 
hindgut. This observation, in conjunction with the fact that starved 
Stage 2 nauplii died within a few days after hatching without molting, 
indicates that feeding was obligatory beginning with the second 


naupliar stage, 


Desertption of Larval Stages 

Size ranges. Estimates of the means and standard deviations for 
size in the larval population are given for each larval stage of 
Polltetpes polymerus reared in the laboratory (Table 18). The ranges of 
length and width overlap for Stages 2 through 6 and carapace length for 


Stages 4 through 6. 


of aa) _ d . 






















eegess wallgpem 
‘ootoatoam Lo Sigeat & ae eet heryva5e 


| i 
2° ' 
. re, fanat yea ghavioseG mis re snuetonate. 
th) . in vee tage, 79 Yale (igane e@4 sidsie 
: | vo 

j iye4 o7eM ste Che rearW . dinbe and “ey 

vi : f a, sbtg.@el oSefumte o7 ‘A SI '% aa oi 

ot Ve 1 
bolwriae % ont? 30> stb tae noneeh amar 
i wel +s ty Liege -e7ow Geaetse ast eit 


hive: s19W sptionel add aedy Tyee is 
git eae a uw rasan tape coatioel 


.o botwry 6 vers “Ii astbazogs bée rassituged. 
x* of bol nenns t{ilqven aa3 Tied ~ ay 


wy) entaujsan 


wot [e1ses8 Oo au entiniay 


: sro red 

boo sor Oth Ubaaezeqgs TEqwen 

, .*eete Swasem edd of yloTett 

raat 3 agli ij feGetaeeye adhd som? 


owes noolsaeke’ 2oeipindt say sa7 ab Oiee 


‘4 a if ire J ents A/G at ,noligvinkse e hit? we 
eqht Lom Ji 4 ba ana sin “to 7@ wvel wat A redele bark tilquen = 3 i rT 
ino ook. wate Gyiw ptiaulge <2 gaghidn haw yotbost jada 7 = 





a 





bel 


my) 


147 








Coe Sp T ptadky 
Ee Ves GE g8o Coase US mnene C 06¢ ARS ereiy O° cvs L6 9 
Soe unoue 61 97E CLO See miL 97S 0 cae ly 6, S9V 801 S 
LOS oS vT Heo Ove 3 Semel OLZ EoVsors ST COS 0z2T v 
TS269,0 0-0 GE £8c-LOs vt OSs vet = 
S0CSS9T 8 S8T LUE ZESe OT SUS CoG % 
GoilavG vz agi SCCeGoL GU LOZ 8 i 
asuey "a°S = ue osuey "q°S 4) uvoN osuey “G3S _uvopy 
(rn) yzsueT soederey (1) YIPtm (ni) y2sue7T u 2381S 





‘uo1qD1Aep pavpungg i*q*s *uo1gpzndod 7oatv7 ay, dof uo1qzo1aap 


pappunis pun uveu ay2 fo saqnuiqsy ‘sabozs 7oatv7, fo squewadinsvey ‘*snzewXtod sedtot{T [Og “8T STGP 





9d 


{2k-s! 


Compound eyes and carapace. The carapace is nearly as broad as it 
is wide in Stages 4, 5 and 6 (Table 18) and does not bear posterior 
Carapace spines or any other Ornamentation (Fig. 26). The frontolateral 
horns point posteriorly at approximately a 45° angle from the body in 
Stage 1. In Stage 2, the horns are almost perpendicular to the body, 
and from Stage 3 through 6 they are perpendicular or point sileichiynies 
cephalad. From 6 to 15 days after the sixth naupliar stage is reached, 
depending upon culture conditions, the 2 lateral compound eyes begin 


pigmentation. 


Labrum. The labrum is unilobed. In Stage 1 nauplii there is a 
Single tooth on each posterolateral margin and a median bilobed tooth 
(Fig. 27). A few fine frontal hairs, a dorsal row of fine hairs sand 
minute ventral teeth are present. During the molt between first and 
second naupliar stages, the lateral teeth shorten and the bilobed teeth 
grow longer and sometimes are trilobed. The lobed teeth move laterally. 
Short dorsolateral spines may also be present. The labra of Stage 3 
nauplii no longer have lobed teeth. The bilobed teeth appear to become 
2 separate teeth and a variable number of small lateral teeth remain. 
Small single teeth are usually added to the 2 long teeth in Stages 4 
and 5: In Stage 6 nauplii, 1 or 2 small teeth lateral to the 2 long 
teeth and 3 to 4 short dorsolateral teeth are observed on each side, 
ies frontal) hairs srow in length and thickness with each increase in 
Stage. Naupliar Stages 2 and 3 have 2 lateral rows of fine dorsal hairs 
on each side; the median rows are denser. By Stage 4, the rows of hairs 
have thickened and are equally dense. The inner rows of hairs thicken 
.More in Stage 5 and by Stage 6 the "hairs" are so thick they could be 


considered long spines. The few small, ventral teeth observed in 
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Figure 26. Pollictpes polymerus. Outline drawings (ventral view) 


of the 6 naupliar stages. 
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Figure 27. Pollictpes polymerus. Labra of the 6 naupliar stages. 
The labra bear hairs (H) and spines (S) on the dorsal 
surface and teeth (T) on the ventral surface. 
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Stage 2 nauplii also grow in size and distribution with each increase 


in stage. 


Abdominal process and caudal spine. In Stage 1, 2 and 3 nauplii, 
the caudal spine is longer than the abdominal process, but in Stage 4 
nauplii they appear to be subequal, and by Stages 5 and 6 the abdominal 
process exceeds the length of the caudal spine (Fig. 28). This is 
known to occur in only 2 other barnacle species (Chthamalus aestuartt 
and Balanus pallidus stutsburt) (Sandison, 1967). Although the caudal 
spine is naked in Stage 1 nauplii, it acquires spinules in the Stage 2 
nauplii, and the spinules grow in number and size in later stages. 
The posterior tips of the process appear to be jointed from Stages 2 
through 6 (see lateral view, Fig. 28). The distribution and appearance 
of abdominal process spines is the same in Polltctpes polymerus as in 
balanoids (Moyse, 1961) except for the absence of the Median Series 2 
spine in Stage 4 P. polymerus nauplii (Fig. 28). Tiny spinules appear 
on the abdominal process in Stage 1 nauplii, and grow with increasing 
stages. Although many were randomly distributed, some patterns are 


apparent (Table 19). 


Appendage setatton. The antennules, antennae and mandibles of 
Polltetpes polymerus nauplii, Stages 1 through 6, are illustrated in 
Figures 29 and 30, and the Newman (1965) type of setation formula using 
additional setal types suggested by Sandison (1967) is given in Table 20. 

Setules found on many setae of early-stage nauplii are very fine, 
and are seen clearly only when stained. Spatulate setae with fine, 
feathery setules occur on the antennary endopodite and a single hispid 


seta is found on the antennary endopodite segment adjacent to the 
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Figure 28. Pollicipes polymerus. Ventral and lateral views of 


caudal spines (CS) and abdominal processes (AP) of 
the 6 naupliar stages. 


Maxillule is seen in lateral 
view only. 


Numbers refer to the primary spine series. 
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Table 19. Pollicipes polymerus. Distributton of abdominal process 
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Figure 29. Pollietpes polymerus. Antennules (left) and mandibles 
(right) of the 6 naupliar stages. 
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Figure 30. Polltctpes polymerus. Antennae of the 6 naupliar stages. 
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gnathobase in P. polymerus (Fig. 30). The same distribution of these 
setal types occurs in Chthamalus aestuarit (Sandison, 1967). The nota- 
tion of variability of setal type employed by Newman (1965) is adopted 
here; i.e., S' = a simple seta sometimes plumose, P' = plumose sometimes 
simple). It has been recoenized that) relative setal length is diffi- 
cult ns assess and has sometimes been omitted from larval descriptions 
(Sandison, 1967; Molenock and Gomez, 1972). However, all the available 
data regarding the larval description are given here. S refers to a 
simple seta longer than half the length of the longest seta in that 
appendage segment, s refers to one shorter than half the longest seta 
in that appendage segment, and S and 3 to setae of intermediate or 
variable length, noting the length observed most frequently. Moreover, 
developmental intermediates where variability in the number of setae 
was observed have been described for some species (Norris et al., 1951). 
In the antennary endopodites of some Stage 6 P. polymerus nauplii, 2 
small, simple setae may or may not be present. The notation used in 
this casesise(s.)!. 

Three cases exist in which setal sequence is interpreted as 
adjacent although the setae lie in different planes. For apapie! in 
the 2 antennary endopodite segments preceding the gnathobase of Stage 6 
nauplii, the sequences are interpreted as: SFFF and SFPH. The first 
and third setae lay in Plane 1 and the second and fourth setae lay in 
Plane 2. This is also the case for the mandibular endopodite segment 


SPCP. 


Cyprts larva and settlement. Cypris larvae of Polltctpes polymerus 
‘are very similar to cyprids of other barnacles morphologically, except 


Liatetheurargestrontai, oll droplets, opserved in other species are not 
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prominent in P, polymerus larvae (Fig. 31). Therefore, these larvae 
may normally feed or be extremely short-lived in the plankton. 

No cyprids settled on etched (nm = 20) or smooth (n = 20) glass 
slides, whether or not bacterial films were present. When presented 
with only a piece of mudstone from Duxbury Reef, California, no settle- 
ment sparen (n = 20). Bubbling air into the settling beakers did aie 
induce settling (nm = 20). Two cyprids did settle on mudstone rock 
closely adjacent to the base of an adult Polltetpes polymerus and one 
settled on the base of the peduncle of a healthy adult -(n = 10). No 
cyprids settled on any other substrate presented to them (peduncle 
epidermis and slides dipped in P. polymerus adult extract), nor did 
P. polymerus extract alone stimulate settlement. It is also interesting 
that settled juveniles were never found far from established adult 
clusters in the field. From 3/ adult clusters, an average of 812% of 
the associated juveniles preferred the adult peduncle to any other 
available substrate. 

An estimate of larval dispersion from Bodega Bay, California, was 
made knowing the average current speeds in that area (0.1 to 0.5 knots) 
and knowing that it takes an average of 42 days to reach the cypris 
stage from hatching at 12°C in vitro when fed Prorocentrum mtcans/Platy- 
monas sp. algae (Lewis, 1975a). Theoretically, P. polymerus larvae 


could disperse from up to 116 to 580 miles. 


Discussion 


The 6 naupliar stages of P. polymerus may be distinguished from 


‘each other by the following key: 
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Figure 31. Polltctpes polymerus. Outline drawing of the cypris 
larva (lateral view). 
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180 to 230 u long, shape triangular, horns point 
DOSUCE TOLL Var, tet, cs ashe arelelees' wsietete tie. s eevee sles SiWadaososnse Sees al 
Greater than 285 yt long, goblet-shaped, horns approxi- 


mately perpendicular to body 


a mewLLNOUtECarapace me... SeODAC SS CCR EWI NS Sloane aa Aine 6) 
b) with Go Ga Da COM nite sts che <ctetats (ahs eae Gccietetetee peel erie oaoee A 
a) One pre-axial antennulary seta ..... Sopebacuacasnacie SESS 2 
b) without pre-axial antennulary setae ........ nite eves FOG eheeke(s) 2 


a) Six pairs of Series 2 spines on abdominal process; 
penultimate antennular segment swollen ........ ee meer (0 
Db) MmeNOwsuciespinesmoreswe liine Beer. ss sy sec cch suucides Aone 2) 
a) Three pre-axial antennulary setae; 1 pair 
DemlesmonS pines sone abUOmi Male process. «. sc... sce. nea Stage 5 
b) Two pre-axial antennulary setae; no Series 3 


spines on abdominal process ...... emote eetec scl etsvaner che a iey stars Stage 4 


All balanoid nauplii appear to have trilobate labra (Molenock and 


Gomez, 1972), thus P. polymerus nauplii may be distinguished by their 


unilobate labra. 


The setation formula of P. polymerus (Table 20) illustrates 


development of setal elaborations during naupliar development. It can 


be observed that a simple (S) seta may become plumose (P), feathery 


(FP), combed (C), or hispid (#7). In addition, a simple seta becomes 


plumose on the antennal endopodite of Stage 5 and, by Stage 6, it is 


feathery. No setae or their elaborations are lost after they develop. 


A Stage 6 "developmental intermediate" (Norris et al., 1951) has 


‘been described, having 2 fewer setae on the antennal endopodite than 


other Stage 6 larvae. Very few of the specimens examined had the 2 
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additional setae and no other consistent morphological differences were 
observed in relation to their presence. 

P. polymerus naupliar setation is very similar to that of Chthamalus 
aestuartt (Sandison, 1967). The 2 newly-defined setal types found in 
the Chthamalidae (Bassindale, 1936; Sandison, 1954, 1967) have now been 
observed in the Lepadidae and cannot be considered a family ee 
Mitella (= Pollictpes) mitella also appears to have a hispid seta on 
the antennary endopodite, at least through Stage 4 (Yasugi, 1937) and 
setation is similar to that in P. polymerus nauplii. However, P. 
spinosus nauplii have fewer setae than P. polymerus at Stage 6 and no 
hispid or feathery setae are identifiable from the illustrations of 
Batham (1946). P. polymerus nauplii resemble C. aestuarit and Balanus 
pallidus stutsburt nauplii (Sandison, 1967) in that their abdominal 
processes grow longer than their caudal spines with succeeding larval 
stages. 

Lepas fascicularis nauplii have ornate, spiney carapaces and longer, 
thinner abdominal processes in relation to their carapace length 
(Willemoes-Suhm, 1876) than do P. polymerus nauplii. JL. pectinata, L. 
anatifera (Moyse and Knight-Jones, 1967), L. fasetcularts (Willemoes- 
Suhm, 1876) and Mitella (= Polltetpes) mitella (Yasugi, 1937) nauplii 
are much larger than P. polymerus nauplii at any given stage, and P. 
spinosus (Batham, 1946) is larger than P. polymerus at Stage 6 and 
probably at all other stages. M. mitella nauplii (Yasugi, 1937) have 
2 long carapace spines which are not observed in P. polymerus or in 
P. sptnosus. (Batham, 1946). 

Cypris larva settlement was stimulated only when healthy adult 


peduncles were available. Pomerat and Weiss (1946) showed that surface 
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porosity and fibrous nature of the surface influenced some barnacle 
settlement. Crisp and Barnes (1954) and Barnes (1955a, 1956)" found 
cyprids very sensitive to surface contours, while Knight-Jones (1953) 
and Crisp and Meadows (1962, 1963) felt that cyprids responded to 
contact with some cuticular substance in conjunction with a chemical 
settling factor ("contact chemical sense"). Sensory structures on 
the cypris antennule of Balanus balanotdes have been described (Nott, 
HIO7 mNGurCEande roster 1909; Gibson and Nott, 1971). Barnes and 
Reese (1960) suspected that P. polymerus cyprids react to a specific 
property of the adult peduncle. From the present study it appears 
that both chemosensory and tactile responses are necessary for the 


specific settling behavior of P. polymerus cyprids. 
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PERISTALTIC CONSTRICTIONS IN THE FERTILIZED EGG 


Introduction 


This chapter deals with aspects of peristaltic constriction as 
a special developmental phenomenon. 

During the maturation divisions of the fertilized barnacle egg, 
an unusual event occurs: a series of constriction rings move slowly 
From the animal to the vegetal pole. This process, here called 
peristaltic constriction, was noted at the turn of the last century 
(Nussbaum, 1890; Groom, 1894; Bigelow, 1902) but has been overlooked 
by a number of contemporary barnacle embryologists (Batham, 1946; 
Anderson; 1969; Walley et ad., 1971). As far as is known, no compar- 
able process has been reported in other animals except perhaps in 
the eegs of a salamander (Hara, 1971), an insect (Vollmar, 1972), and 
a shrimp (Rappaport, 1960). 

Microfilaments (40 to 70 A diameter) have been called the "agents 
of cellular contraction" (Schroeder, 1971). Changes in the organization 
of microfilaments or the appearance of arrays of microfilaments have 
been correlated with specific changes in cellular shape during ascidian 
Cate aoe Ment, (Cloney, 1966, 1969), neurulation in amphibians (Baker, 
1965; Baker and Schroeder, 1967; Schroeder, 1970a; Karfunkel, 1971; 
Burnside, 1971, 1973), and the development of various organs (see 
Wessellset al., 1971, for a review). Microfilaments form a contractile 
ring associated with the cleavage furrow in dividing HeLa cells (Schroeder, 
1970b), marine invertebrate eggs (Arnold, 1968, 1969; Goodenough et al., 


U968>5"Sciroeder, 1968.) 19695 19725" Szoltosi, 1968, 1970; Tilney and 


7Portions of this chapter are extracted from a paper in print: 
LEWLS @tcle.. 1973 
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Marsland, 1969) and vertebrate eggs (Bluemink, 1970, 1971; Selman 
and@eecty wets Ose halt, 1971>-Culyas, 1973). “Also, microfilaments 

have been implicated in particle movement in various systems (Nagai 

and Rebhun, 1966; Buckley and Porter, 1967; Pickett-Heaps, 1967; 
Rebhun, 1967; McGuire and Moellmann, 1972). One report has implicated 
microfilaments in the formation of repetitious peristaltic contractions 
in adult ascidian ampullae (De Santo and Dudley, 1969). As far as is 
known there is only 1 report on the fine structure of barnacle eggs 
(Woods, 1969). 

Peristaltic constriction ring movement in barnacle eggs is stopped 
and the amplitude of constriction is reduced by treatment with 
cytochalasin B (CCB), but occurs in the presence of colchicine (Lewis 
et al., 1973), which disrupts microtubules but not microfilaments 
(Malawista et al., 1968; Weisenberg et al., 1968). It was, therefore, 
tentatively proposed that peristaltic constriction depends upon 
TUctoOmekanenteninetuonms Lewlsmenadql.. 19/3).5 Microttlaments (40 to 
70 A) have been shown to be sensitive to CCB treatment in most cases. 
Although the mechanism of action of CCB is controversial (e.g., Kletzien 
Gita lo/2-ePlagenann and’ Estensen, 19/723 Ziemondeand/ Hirsch), 197/24, p) > 
it may Block cell movements by disorganizing thin microfilament arrays 
in many contractile systems (Schroeder, 1970; Wessells et al., 1971), 
but it does not affect microtubules. 

The purposes of this chapter are: 1) to measure some dynamic 
parameters of peristaltic constriction by using time-lapse cinematography, 
2) to obtain some evidence of its causal mechanism by using areca 
chemical inhibitors, 3) to document the presence and orientation of 


fo) 
organelles, especially microfilaments (45 to 60 A diameter) associated 


1 ; ps a 7 1) 










» (8S! .O8@r tdtanelt) egg SadEaser ‘ei 
anes is oth «(00M nated Gaves otam POTRE eae 
c: ql adeueete lo leita af hatoottqat mod ‘want 
inet (OCR  tepage boa qatvoue .8a@h enuddet bie? ~ a 
oO! -nnpetfec® tos oxtetent 9a@t \quddelt _ 
bat pies ven | .) lo sel yerse? od9 ab eioseeliigipia - 
Nee ee at hii ea bev. aa Sibe a 
Piorag #alfcerts es mhentezal hae at-stads meaty cs 
| hones: -abedihk te 
éouea slourtiad wh oe ee gohy nofasiasenes stdteset sai, | — An 
“ewinaes ea bent ph ne teotgrence in otto oe ‘ 
dd at edoae dud, Gao] & ninetasoaiy s 
exc 0G) emLdvpetin ties ves dotd yCESOL vip m4 _- 












os: #3 sdnoe le -80@h esi See satualioey 

stilaset36q 2ad) beaaqomg cond a 

‘ots elwet) oeyigaud a 

uwiters 820 of svezeaioen 4d Ad Jrewels cat sven hs 

she de erevoyjaho. al- MV) Be ronan Ih me Lew pa ate . 
a bist ‘iil Sim hoot (Yel ,caaeet tee reneged E ire eee 


aya? & Teed LiPo AM 4 pein inontennan ye Qtrengvon, plas js : 


7 1 am 
- Batts, 






titi .. Tp ay wb botawll sinieg ree re 


« 





wens, 

. ar aes ae ha 

Piet som era 9G we rete 9. f0a0 | 
grin naeRer ct: pray 


. ae 


171 


with constriction rings, and 4) to suggest a model to explain this 


morphogenetic movement. 


Materials and Methods 


Adult Polltetpes polymerus were collected from rocky shores on 
San Juan Island, Washington, at low tide. Freshly fertilized eggs 
were dissected out from the mantle cavity of adults and were pipetted 
into filtered and UV-light treated sea water in watch glasses at the 
ambient sea water temperature (isu to 1520) and fixed when the desired 
post-fertilization stage (first polar body through cleavage) was 
observed. 

Time-lapse films were made with a Bolex H16M camera and 
cinephotomicrographic apparatus (Sage Instruments) coupled to a Zeiss 
Universal microscope with Nomarski differential interference contrast 
optics. Ambient sea water temperature was maintained with a thermoelectric 
cooling stage (Cloney et al., 1970). An L and W photo-optical data 


analyzer was used for film analysis. 


Batches of eggs were treated with: 0.1 to 20 ug/cem3 CCB (dissolved 
in dimethylsulfoxide) for up to 140 min and 0.4 to 400 ug/cem? colchicine, 
LOs Go 420 ug/em3 cycloheximide, 5 to 10 g/cm? actinomycin D, or 550 ug/cem3 
antimycin A (dissolved in 0.95% ethanol) for up to 90 min. Appropriate 
controls were carried out by using sea water, 0.2% v/v dimethylsulfoxide 
and 0.95% ethanol. 

Eggs were fixed for transmission electron microscopy 30 min 
each with Millonig's (1961) phosphate-buffered 2.5% Seer 


pH 6.6 (Dunlap, 1966; Cloney and Florey, 1968), followed by 
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phosphate-buffered 1% OsOy; or cacodylate-buffered 2% glutaraldehyde 
with ruthenium red (Luft, 1971; modified by M. Cavey, Personal 
communication) followed by phosphate-buffered 1% Os0;,, all at room 
temperature. The ruthenium red fixation was found to heighten 
background electron density such that it eliminated much of the 
contrast necessary to demonstrate microfilaments and microtubules. 
On the other hand, phosphate-buffered glutaraldehyde fixatives revealed 
thesesstructures! betters. 2.677 OsO, buffered with s-collidine (Bennett 
and Luft, 1959); s-collidine-buffered 2.5% glutaraldehyde, pH 6.7, 
followed by phosphate-buffered 1% Os0,; veronal acetate-buffered 12 
OsOn@(Palade.g1952)= ands2 5% glutaraldehyde/1% Os0, cocktail, pH 6.6, 
gave unsatisfactory results. All micrographs in this paper are of eggs 
fixed with phosphate-buffered glutaraldehyde/Os0,. 

Following ethanol dehydration, specimens were transferred through 
2 to 3 changes of propylene oxide over a total periodsol 15 mini ekees 
were next infiltrated in 1 part propylene oxide to 1 part Epon 812 
(Luft, 1961) for 24 h, then transferred to the embedding medium and 
polymerized ina 60°C OVen@t Orel toe2 dayseoruac 80°C for 3 h. 

Sections for light microscopy were cut at thicknesses of 0.5 to 
1.0 yu and stained with methylene blue and azure II (Richardson et Glare 
1960). Silver to gray (600 to 900 A) sections for electron microscopy 
were cut with glass knives (LKB knifemaker) or a Dupont diamond knife 
on a Sorvall Porter-Blum MI-2 ultramicrotome and collected on 
acetone-cleaned 200 mesh grids coated with Formvar film. Sections were 
doubly stained from 30 min to 2 h with 2% (saturated) aqueous uranyl 
acetate at room temperature or for 10 min with 1% aqueous uranyl acetate 


at 55° to 60°C (Chang, Personal communication), followed by 4 to 10 min 
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with lead citrate (Reynolds, 1963). Observation and electron micrography 
was with an RCA EMU-3F electron ae operated at 50 KV or a 
Phillips 200 electron microscope operated at 60 or 80 KV. 

For scanning electron microscopy (SEM), eggs were teased from the 
ovigerous lamellae as the fertilization membrane was raising and were 
placed in a clean watch glass. The fertilization membranes were removed 
by allowing them to stick to the watch glass and then gently agitating 
the eggs so that the fertilization membranes were left behind. The 
tissue was fixed when peristaltic constriction rings were seen, but 
before the egg membrane fully raised. The egg membranes were not 
removed. Eggs were fixed at room temperature in Millonig's 
phosphate-buffered 2% glutaraldehyde for 1 h, rinsed and post-fixed 
in phosphate-buffered 1% OsO, for 30 min, dehydrated and critical point 
dried. They were carbon and gold coated (75 to 100 i. each) in an 
Edward's vacuum evaporator and viewed with a Cambridge S-4 stereoscan 
scanning electron microscope. 

Various organelles were observed and counted in eggs sectioned 
longitudinally from photomicrographs at a magnification of X37,500. 
Constriction ring and adjacent non-constriction ring areas in Stage 
Le éges! (lewis et al., 1973) were contrasted by comparing average 
numbers of organelles using the t-test (Sokal and Rohlf, 1969). It 
should be noted that because of the small sample size and large variance 
of the samples, the t-test as used here demonstrates significance of 


only large differences between means. 
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Observations and Results 


Stages of Constrtetton 

Although variability in the rate of embryonic development in 
different eggs is considerable, normal development from the beginning 
to the completion of peristaltic constriction is divided here into 5 
Stages. Stage I: 1.5 heafter insemination; egs spherical; 1, then 2 
constriction rings; ooplasm visibly homogeneous. Stage II: 2h 
after insemination; egg still spherical or beginning to elongate; 
2 constriction rings; ooplasm visibly homogeneous; first polar body 
forms. |Stage Il] (Fie. 732)3 2:2 hatter insemination; elongation of 
tneseegs into an) ovoid shape; 3%to 5 constriction rings; beginning of 
ooplasmic segregation (shifting of large yolk platelets to the vegetal 
half); initial elevation of egg membrane from the egg surface. 
Stage IV: 4 to 6 h after insemination; further elongation of the 
egg; 1 to 2 constriction rings; further segregation of ooplasm; further 
lifting of the egg membrane. Stage V: 4 to 6 h after insemination; 
further elongation of the egg; peristaltic constriction stops; ooplasmic 


segregation nearly complete; egg membrane elevated; second polar body forms. 


8 
Cine Ftlm Analysts 


The results of the microcinematographic film analysis, as shown 
in Figures 33 and 34, illustrate a number of points of peristaltic 
constriction. One sees in Figure 33 that it takes about 8.5 min for 
aecoustriction ting toguravedsabout 857 of the ego's length (total 


8 
Time lapse film is deposited in the Extension Department, 


University of Alberta, Edmonton, Alberta, Canada. 
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Figure 32. Polltctpes polymerus. Stage III egg showing 3 constriction 
rings moving from the animal to the vegetal pole ina 
120 sec sequence (A to D). 


a, animal pole; v, vegetal 
pole; fm, fertilization membrane; em, egg membrane. 
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Freure” 33). 


Pollictpes polymerus. Peristaltic movement of 
constriction rings measured in different developmental 
stages. (I to V)- as a function of time. The number in 
parentheses following the developmental stage refers 
to the number of constriction rings measured for that 
curve. The time the constriction ring ends vegetally 
was chosen as the reference time. 
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Figure 34. 


Polliectpes polymerus. Amplitude (average) of constriction 
in eggs of different developmental stages (I to V) as a 
function of the constriction position on the animal- 
vegetal axis. The number in parentheses following the 


developmental stage refers to the number of eggs measured 
for that cunve. 
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length is 140 yu). Figure 33 shows also that the constriction rings 
travel faster at the animal half than at the vegetal half and the 
velocity of the peristaltic motion decreases with embryo age; 
constriction rings at Stages I and II travel right to the vegetal tip, 
whereas rings at Stages III to V stop at increasing distances from the 
vegetal tip. 

The amplitude of the constriction changes in relation to developmental 
stage as well as the position of the constriction in the egg (Fig. 34). 
This figure shows that the amplitudes of the constriction are greater 
in older embryos (III to V) than that of younger ones (I and ITI). 
Moreover, the amplitude of constriction of all stages increases generally 
from animal to vegetal pole but drops sharply at the vegetal pole in 
older stages (III to V). 

The rates of peristaltic motion in different embryos seem to be 
independent of the number of rings present. For example, the interval 
between constriction rings reaching the vegetal pole is 3 min in an 
egg with 3 rings, and the same amount of time is required in an egg 


with 4 rings. 


Effect of Some Chemtcal Inhibitors 

Chemical inhibitors used in this study which may affect the 
PeLlstaltic constrictions include: CCB (in dimethylsulfoxide), 
colchicine, actinomycin D, cycloheximide and antimycin A. CCB is 
known to inhibit some cellular contraction (Carter, 1967; Schroeder, 
1969, 1970b; Bluemink, 197la) although the mechanism of its action is 
controversial. Some experiments indicate CCB disrupts contractile 


microfilaments (Schroeder, 1968; Lash et al., 1970; Wessells et al., 
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1971; Schroeder, 1972), whereas others show it appears to affect 
membrane phenomena (Bluemink, 197la,b; Krishan, 1971). In this study 

it was found that 0.25 to 20 ee CCB in 0.025 to 0.2% dimethylsulfoxide 
effectively stopped and dampened all peristaltic constrictions within 

2 to 30 min. Colchicine, a known microtubule inhibitor (Eigsti, 1947), 
produced@now effect on peristaltic constriction at concentrations up to 
400 eee for 80 min but both ooplasmic segregation and meiotic division 
were inhibited; 4 Wee did not affect ooplasmic segregation, but 
apparently arrested mitosis, for cleavage failed to occur. Actinomycin 
Dyrateiniibltoraknown gto block aminowacid transport |\(Yamada et al., 
1967), stimulate mRNA degradation (Kennell, 1964), and inhibit protein 
(Honig. and Rabinovitz, 1965) and phospholipid synthesis (Pastan and 
Friedman, 1968), slowed the rate of peristaltic motion slightly at 
eoncentrations of 15 «to: 20 See but didgnot stop it.) Coplasmic 
segregation was unaffected, but development ceased at the 2 to 4 cell 
stage. Cycloheximide, an inhibitor of protein synthesis (Pestka, 1971), 
slowed the peristaltic motion slightly at concentrations of 10 to 

20 hee but did not affect ooplasmic segregation. Antimycin A, an 
inhibitor of the cytochrome oxidase cycle in mitochondria, and therefore 
of Een release (Roodyn, 1967; Green and Baum, 1970), did not inhibit 


3 
the constrictions at 550 ug/cm but arrested ooplasmic segregation. 


Pertstaltie Constrtction Rings tn Temporal Perspective 

Pollictpes polymerus eggs are oviposited into a sac produced by 
the oviducal gland which holds the egg mass together in the mantle 
cavity throughout the brooding period (Walley et al., 1971). The 


eges are fertilized here. Soon after sperm entry, the fertilization 
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membrane elevates quite far from the zayeote (Figs 35A). Eges are 
crowded in the lamella sac, so that fertilization membranes of adjacent 
eggs adhere to each other (Fig. 35B). Within a few minutes after the 
fertilization membrane is raised, the first polar body forms at the 
animal pole (Figs. 35A and C) (see also Lewis, 1975b, for details in 
development). The fertilization membrane consists of a loose 
fibrogranular matrix, similar to the vitelline membrane in Lymnaea 
(Morrill and Perkins, 1973), and appears relatively uniform in thickness 
(mean diameter is 0.15 u). Extracellular to both zygote and polar body 
are dense plaques#(Figs. 35C, 36C and’D), such as those which Anderson 
et al. (1970) found during the first appearance of the tertiary envelope 
of fertilized Artemia salina eggs. Microvilli appear at the animal pole 
when the first polar body lifts (Fig. 35C), but nowhere else on the ege's 
surface, except at constriction rings. Dense bodies (65 to 100 mp) 
which appear to be derived from nearby Golgi complexes (Fig. 36D) are 
localized subjacent to the cleavage furrow and remain in the cortex of 
BOtuspolarebodysandezycoter (Figs. 368 and CG). These membrane-bound 
dense bodies have a substructure of circular or uneven material 
(Fig. 36B). In Figure 36A, just below the microvilli and remnants of 
an ree ee bridge, a 45 a microfilament is observed lying in the 
former cleavage plane. Moreover, to either side of the polar body, an 
area of microfilamentous meshwork is observed, with filaments running 
TREOmENemmULCcCOV tien hie@m OG) 

Vesicles are observed around the chromatin masses in both zygote 
and first polar body (see also, Babbage and King, 1970), but it is not 
clear whether the vesicles completely fuse in either cells of P. polymerus. 


Besides the aforementioned organelles, only a few, small, scattered 
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Figure 35. Polltetpes polymerus. 


A. 


Longitudinal section of a fertilized egg with the 
first polar body (PB) during cleavage. The 
fertilization membrane (FM) is raising and a 
single peristaltic constriction ring (indentation) 
is Visible. uw XelLevoo. 


Longitudinal section of a fertilized egg with the 
first polar body (PB) attached. Several eggs are 
viewed, as this section was cut from an egg mass. 
The fertilization membranes adhere to one another 
(double arrow) and a lightly-stained material is 
observed between the oolemma and the fertilization 
membrane. Egg contours are molded by adjacent 
eecs. =X 25060. 


Longitudinal section of a first polar body. 
Numerous dense bodies (DB) occur along the 
cleavage furrow in both egg and polar body. 
Microvilli (V), dense extracellular plaques 
(P), many microtubules and the fertilization 
membrane (FM) are visible. X 19,400. 
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Figure 36. Polltietpes polymerus. 


A. Longitudinal section of the animal pole where the 
first polar body has just cleaved. A 45 &K diameter 
microfilament (arrows) is oriented in the plane of 
cleavage, possibly remnant from a contractile ring. 
KeZzoesOr 


B. A higher magnification view of dense bodies (DB) 
in the animal pole along the cleavage furrow, 
showing their substructure of alternating light 
and dark material surrounded by a membrane. 
Microtubules are also apparent. X 33,370. 


C. Longitudinal section of the animal pole adjacent 
to the first polarsbody-seMtcrovil iecontainna 
network of thin microfilaments (MF). Dense 
bodies (DB) and extracellular plaques (P) are 
alsomapparcn cen? Ono ZU. 


D. Longitudinal section of the animal pole to l 
side of where: the first polars body #1: ted. 
well-developed Golgi complex (G) is associated 
with the membrane-bound dense bodies (DB) in 
the cortex. X 126, 7/90: 
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vesicles and many spindle microtubules are observed in the first polar 
body. | 

During this period, corresponding to the time when the eggs become 
sticky, a material of intermediate electron density appears on the 
outer surface of the fertilization membrane (Fig. 38E). In Carctnus 
a fluid of similar density exuded from the egg at Spawning plays an 
important part as a "glue" in the perivitelline space which subsequently 
promotes adhesion of eggs to the female's abdomen (Cheung, 1966). 

When the egg membrane was inadvertently torn during removal of 
the fertilization membrane for scanning electron microscopy, the 
remaining egg membrane collapsed and this obscured the constriction ring 
(Fig. 37A, egg 1). When this happened the vegetal oolemma of the egg 
burst, the cytoplasmic contents were extruded, the rings deepened, and 
the egg became more elongate (compare eggs 1 and 2, Fig. 37A). This 
phenomenon may be due to an increase in extracellular pressure when the 
fertilization membrane is removed and/or a concomitant increase in force 
of the constriction rings. Thus, circumferential lines of stress 
associated with constriction rings are most clearly seen in SEM views 
of the vegetal pole when the egg is ruptured (Fig. 37B). The egg 
membrane (mean diameter is 0.06 u) is normally lifted above the Petistaliic 
COUSCIEICELOne rather than following 411s contours (Pics. 93/G and DD). 9A 
thick cortex is also observed at the constricted area (Fig. 37C). During 
this period, there is a segregation and subsequent concentration of large 
lipid yolk droplets at the vegetal pole (Fig. 37C) from a previously 
homogeneous egg (Fig. 35A). 

By the time the second polar body forms (Figs. 38A and B), the 


constriction rings are no longer observed. An electron dense layer 
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Figure 37. 


Polltetpes polymerus. 


NG 


Scanning electron micrograph of eggs with egg 
membranes still adhering. The egg membrane of 
egg 1 is perforated and the egg is longer with 
deeper constriction rings than that of egg 2. 
XKE2Oo 


Scanning electron micrograph of a vegetal constriction 
ring in an egg with the perforated egg membrane 
adhering. Circumferential lines of stress are 

Visible (arrows) . ene lOO 


Median longitudinal section of an egg with 2 
constriction rings. ezso00. 


Longitudinal section grazing (G) a vegetal 
constriction ring. Egg membrane raised at the 
constriction ring areas (arrows). X 3,180. 
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Figure 38. 


Polltetpes polymerus. 


A. 


Scanning electron micrograph of an elongate egg 
with a second polar body (PB). The fertilization 
membrane has been removed and constriction rings 
are no longer visible. X 375: 


Second polar body (PB) stage with the egg membrane 
lifted, egg elongated, and constriction rings 
stopped. X 1,960. 


Longitudinal section of the second polar body. 
Some PC yolk (Y) is visible. X 20,140. 


Second polar body cleavage furrow with dense 
cortical material (arrows). X 42,960. 


Flocculent material on the outside of the 
fertilization membrane (asterisk). X 35,250. 


92. 








appears at the leading edge of the cleavage furrow during second polar 
body formation (Fig. 38D). The second tliene bodyertsmlearser CloepyeZ20eu) 
and it contains more organelles than the first polar body (7 by 7 u): 
mitochondria, yolk, vesicular endoplasmic reticulum (ER), dense 300 A 
bodies identified as 8 glycogen granules (see Fawcett, 1966), remnant 
spindle microtubules and small masses of chromatin (Fig. 38C). No 
microvilli are seen as yet at the cytoplasmic bridge, although they 
will appear later. The zygote nucleus condenses and aggregates into 
chromatin-containing vesicles (Fig. 39A). These vesicles and dilated 
cisternae finally fuse to form an ovoid nucleus whose membrane has 
numerous pores (Fig. 39B) as in other crustacean eggs (Beams and 


Kessel 1963- Hinscheand Cone,. 1969). 


Fine Structure of Constrictton Ring Stage: General Features 

Schroeder's (1970b) method and terminology of egg orientation was 
adopted. The various planes of section used in this study are indicated 
(Hies.s3/D.40eance lAsto. CD. 

Between the oolemma and the lifting egg membrane several features 
appear with or without ruthenium red treatment: an extracellular layer 
of spheres with indistinct borders (mean diameter is 0.03 u), some dense 
granular and occasionally filamentous (50 A) material (Fic ww 42A), 
reminiscent of the extracellular actin-like filaments described by 
Perdue (1973) and Szollosi (1970), and either glycogen granules or 
additional extracellular spheres which appear "suspended" in this space 
(Fig. 42B). The egg membrane is composed of a fibrogranular material 
possibly formed from coalescence of the plaques previously observed at 
‘the first polar body stage. The extracellular filaments are possibly 


material also to be included in the egg membrane. 
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Figure 39. Polltctpes polymerus. 


A. Female pronucleus immediately after the second 
polar body formation; condensation of the nuclear 
material into vesicles is noted. X 6,750. 


B. Nucleus after condensation of vesicles, showing 
nuclear pores) (P)- 9x21 O10 
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Figure 40. Pollictpes polymerus. Diagram iilustrating the 3 
planes of sectioning through an egg with peristaltic 
constriction rings used in tnis study. 
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Figure 41. Polltctpes polymerus. 


A. 


Equatorial view of a vegetal constriction Tite 


The egg 
oolemma 
section 
270° Fis 


membrane (EM) has elevated from the 
and the cortex (€) 4s thick. The 

is slightly obliaue such that about 
in the constrictionsrine exo esos 


Longitudinal section of the vegetal thailft of van 

egg with 2 constriction rings. A few large lipid 
yolk droplets (Y) are observed during their vegetal 
migration 7 0205 


Longitudinal section grazing the vegetal polar 
region (egg membrane is raised at the constriction 


Ting). 


X2ey SOs 
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Figure 42. 


Polltetpes polymerus. 


A. 


Grazing longitudinal section close to a constriction 
ring, showing extracellular filaments (F). X 29,140. 


Equatorial section through a constriction ring area, 
showing glycogen granules (G), outer border spheres 
(S), and extracellular flocculent material (Ripe 

Xoo b, 410% 
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Large granules of membrane-bound protein-carbohydrate (PC) yolk 
(as determined histochemically by Woods, 1969) and droplets of lipid 
yolk are dispersed throughout the cytoplasm. The PC yolk appears 
variously as granular or with central crystalloid inclusions (Fig. 43A). 
Membrane bound multivesiculate bodies (MVB) are also observed in several 
PoreCrL ce 44A to F). Transparent, as well as dark and intermediate 
density vesicles, are enclosed within the round MVBs. The MVBs could 
harbor vesicles enclosing particulate yolk undergoing degradation, as 
evidenced by the occasional PC yolk with an indistinct outline and smooth 
endoplasmic vesicles enveloping it (Figs. 43A, 45A and B), instead of the 
single, normally well-defined limiting membrane (Fig. 45B). Several 
intermediate stages between dense and almost empty MVBs are also observed 
(Figs. 44C to E). Scattered membrane-bound, dense osmiophilic bodies 
(100 to 130 mp» diameter) are possibly products of the MVBs, since no 
Golgi eonpiezas are observed during this stage of development (Figs. 43B, 
44A and 45B) (see also Robbins and Gonatas, 1964a,b). 

Smooth endoplasmic reticulum and vesicles, aggregations of deeply 
stained a and 8 glycogen granules (Perry, 1967), some ribosomes, simple 
mitochondria, and small dense bodies are scattered throughout the egg. 
Small membranous coils, sometimes referred to as myelin bodies, appear 
to be associated with or formed from mitochondria (Figs. 43B and C). 

Although occasional scattered dense masses were seen at the animal 
pole, no intact nuclei were ever observed in eggs with peristaltic 


constriction rings. 


Fine Structure of Constrictton Rings 
Differences in the egg contour are observed in the longitudinal 


sections of the animal pole, middle-position constriction ring and 
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Figure 43. Polltctpes polymerus. 


A. Longitudinal section of the animal pole, showing 
mitochondria (M), vesicular endoplasmic reticulum 
(V) surrounding PC yolk vesicles (Y) and the egg 
membrane closely adhering to the oolemma. 
Xb 7 00% 


B and C. Serial longitudinal sections near a 
constriction ring showing mitochondria associated 
with a multimembranous body (double arrows). 
Possible secretion of border spheres in 2 areas 
(single arrows). X 29,330. 
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Figure 44. 


Pollietpes polymerus. 


A. 


Longitudinal section in the constriction ring 
area with dense bodies (DB), showing vesicularization 
of PC yolk (Y) as they are broken down. X 32,6600) 


Longitudinal section near a constriction ring. 
Note MVBs in various stages of release of 
vesicles into the cytoplasm. X 16,540. 


Further yolk breakdown: 


Ge 


D. 


Vesicles internalized. X 20,400 


Formation of a double membrane surrounding 
vesicles. X 20,400. 


Most of the internal material is released. 
xX 20;400. 


Multivesiculate body is associated with glycogen. 
X 40,000. 
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Figure 45. Polltctpes polymerus. 


No 


Longitudinal section immediately vegetal to a 
constriction ring, showing vesicles with enclosed 
material (arrows), wisps of microfilaments (MF) 
and smooth vesicles surrounding yolk (Y). 

Kec OL Ue 


Longitudinal section of a vegetal constriction 
ring, showing vesicular endoplasmic reticulum (V) 
surrounding yolk, MVBs breaking up (VB) and chains 
of membrane-bound dense material apparently 
emanating from the MVBs (double arrows), dense 
zones of microfilaments (single arrows) and 

intact yolk) (oe xe Lonooo. 
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Vezetal positon constriction ring (Figs. 46A to C). The animal pole 
without constriction is convex, a constriction in the middle of the egg 
is barely concave, and a vegetal constriction is acutely concave. 

The egg membrane adheres to the oolemma at the animal pole (Fig. 46A). 
It begins lifting midway down the egg (Fig. 46B), and is lifted up to 
14 p in length and 3 up in height away from the oolemma in vegetal 
CONStriction rings (Fic. 46C). 

Microvilli occur only at constriction zones near the vegetal pole. 
Differences are also observed in the cortex of the 3 areas at higher 
magnification. Glycogen granules and organelles such as smooth endoplasmic 
vesicles extend to the oolemma at the animal pole (Fig. 46A). A shallow 
cortex of apparent homogeneous density is observed midway down the egg 
ina Devers eters ring (Fig. 46B). However, the cortex may extend to 
Gureinewidth ana 0.5 1 in thickness in the most constricted part) of a 
vegetal ring, as well as just vegetal to it and 0.25 u in thickness just 
aninaietoutee (Mies mGoUeands4/).) Lhe ring width coincides precisely with 
the concave portion of the cell's profile, i.e., between inflection points 
inettssoutlines (Fie. 46C, asterisks). 

A circumferential band of dense cortical material is observed in 
equatorial sections of a vegetal ring (Fig. 48B). The overlying plasma 
membrane erupts into numerous microvilli in the constriction ring, but 
lacks microvilli and has no underlying differentiated cortex in regions 
outside the immediate constriction ring (Fig. 48A). The width of the 
constriction ring cortex is about 10 to 15 times greater than that of 
the non-constriction ring cortex (compare Figs. 48A and B). The egg 
membrane has also lifted off a great distance from the oolemma in the 


constriction ring plane. While organelles are found in the cortex at 
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Figure 46. 


Polltetpes polymerus. 


A. 


Longitudinal section of the animal pole, showing 
a convex outline. The egg membrane adheres to 
the oolemma. ~X 16,760: 


Longitudinal section of a middle-position 
constriction ring. The egg membrane has not 
yet lifted. Note the slightly concave outline, 
the thin cortex, and small microvillous 
protrusions... (A sl0;000% 


Longitudinal section of a vegetal constriction 
ring. The egg membrane is elevated above the 
constriction. Note the dense streaks (arrows) 
running into the constriction ring and the deeply 
concave outline between asterisks. X 4,860. 
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Figure 47. 


Pollictpes polymerus. Grazing longitudinal section of 
a vegetal constriction ring showing dense streaks 
running into the plane of the ring and a series of 
MVBs (dense-1 to light-5) in the interior of the egg. 
The cortical streaks are not homogeneous; some are 
denser (arrows) than others. The animal (A) and 
vegetal (V) poles are indicated. X 11,710. 
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Figure 48. Polltctpes polymerus. 


A. 


Equatorial section of an egg between constriction 
rings. Note the thin cortex (C) (less than 0.1 u) 
and organelles close to the oolemma. X 9,030. 


Equatorial section of a vegetal constriction ring. 
Note the thick cortex (C), numerous microvillous 
protrusions (P) and lifted egg membrane (EM). 
X16, 910. 


Ai 








points other than constriction zones, there is an absence of organelles 
in the constriction zone cortex itself (Figs. 46A to C). Some material 
presumably excludes these organelles from the cortical zone. Thin 
microfilaments (45 to 60 A diameter) are observed arranged in a 
circumferential meshwork in the cortex, apparently only at constriction 
ring zones. 

Dense bundles of filaments radiate in streaks from the oolemma in 
grazing longitudinal section (arrows, Fig. 47). Although bundles of 
filaments are discerned, they are obliquely sectioned, and in some 
cases a meshwork of filaments is observed beneath the circumferential 
bundles (Figs. 49A and B). The apparent absence of longitudinal sections 
of long microfilament bundles may be due to the fact that they primarily 
have a meshwork arrangement. 

Filaments extend into microvillous protrusions (Fig. 49A), and 
although most filaments tend to group in meshworks just below the oolemma, 
some filaments may insert or adhere to the oolemma (Fig. 49B). When 
grazing longitudinal sections are taken at the vegetal tip of sthevege, 
such that the vegetal lobe formed from the constriction ring has not 
yet been cut (Fig. 37D), some filament bundles are observed oriented in 
a paraequatorial fashion (circumferential above or below the cell's 
equator) (Figs. 50A to C). Likewise, wisps of circumferentially arranged 
filaments are observed adjacent to filament meshworks in equatorial 
sections (Fig. 51A). However, only meshworks are found in the middle 
or toward the animal half of the egg in constriction rings, and as one 
cuts toward the vegetal pole, the paraequatorially oriented filaments 


appear. 
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Figure 49. 


Pollicipes polymerus. 


AS 


Longitudinal section of a vegetal constriction 
ring, showing a filamentous meshwork in the 
constriction ring (arrows) and filaments (F) 
in the microvillous protrusions. X 69,160. 


Longitudinal section of a vegetal constriction 
ring, showing possible filament insertions into 
the oolemma (arrows). X 56, 100% 
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Figure 50. Polltctpes polymerus. 


A to C. Grazing longitudinal sections of vegetal 
constriction rings. Filaments are oriented 
equatorially (arrows). A. X 28,000. 

Be. -X629 752000 Cea ator, 











Figure 51. Polltetpes polymerus. 


A. Equatorial section of a vegetal constriction ring, 
showing wisps of equatorially arranged filaments 
(arrows). soos Lo. 


B. Longitudinal section of an egg treated with 20 ug/cm3 
CCB for 5 min and briefly washed in sea water. A 
middle-position constriction ring is partly dampened 
(1), and a vegetal ring is wholly dampened (2). 
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The arrangement of microfilaments in the cortex of a vegetal 

constriction ring shows variations along one animal-vegetal axis: 

1) animal to the deepest part of the ring, 2) deepest part of the 

ring, and 3) vegetal to the deepest part of the ring. In the "animal" 
area, most filaments are parallel to the oolemma or in meshworks, 

while in the base of the ring and slightly vegetal to it, many filaments 
are equatorially arranged (running in the plane of the ring). Moving 
vegetally a bit more, there are only wisps of unarranged filaments. 

A number of small, membrane-bound spheres were observed in the 
cytoplasm of the constriction ring. They are likely formed from the 
MVBs and secreted outside the oolemma via reversed micropinocytosis 
(Figs. 45A and B). Occasionally they were seen adhering to one another 
and renee short chains (Fig. 45B). Further, Szollosi (1970) suggested 
that an exocytosis of a flocculent to filamentous material designated 
as mucoid may accompany furrowing in cleaving eggs. 

When the average number of various organelles and other structures 
found in constriction ring and non-constriction ring areas are compared 
statistically, microvilli, mitochondria, MVBs, and glycogen granules 
differ significantly in their dispersal pattern (Table 21), i.e., 
these organelles are not evenly distributed, they are found significantly 


more often in constriction rings. 


Effects of Cytochalasin B 

The immediate effect of CCB observed at the light microscopic 
level is cessation of peristaltic movement from the animal to the vegetal 
pole and a gradual dampening of the amplitude of constriction rings, 


themselves. CCB effects were reversible in cells treated with up to 
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1 ie One also observes the lack of constriction rings at the 
Ulerastyucturam level (Fies. 51B and 52C). Gee: treated with 0.5 ae 
CCB evidenced vacuolation, as well as adhesion of the egg membrane to 
the oolemma (Figs. 52C and E). In place of concavities where the 

rings should be, the cell is generally convex, Almost no cortical 
Sieibtine: Ae observed as in some other studies of CCB-treated eggs 
(Schroeder, 1970b). 

The salient features of an egg treated with 20 ae GiGi) Salone A) 
shorter period are a partly dampened middle-position constriction ring 
and a wholly dampened vegetal ring (Fig. 51B). In the cortex of a 
middle-position ring, patches of dense material including cross sectional 
and oblique views of 45 to 60 rn microfilaments are found in remnants of 
mMucrovil ii (Pie. o2A).. In the vegetal cortex’where one would expect to 
find signs of the Gonstriction ring if it were present, there are instead 
shes Serene of amorphous material (Fig. 52B). Whether these patches 
represent parts of a constriction ring which failed to assemble properly, 
remnants of one that was dissociated, or merely cytoplasmic condensation 
is unknown. However, differentiation in the form of a defined constriction 
ring is apparently inhibited by the action of CCB, as noted for other 
filament networks (Yamada and Wessells, 1973). Only a few microvilli 
which are normally found in the constriction ring remain. 

Other effects of CCB on the fine structure of fertilized P. polymerus 
eggs are an increase in numbers of vacuoles, most being associated with 
PC yolk or organelles (Fig. 52A), some compression or contraction of 
mitochondrial cristae, a redistribution of glycogen granules from 
aggregations to a more heterogeneous arrangement, and the formation of 


more myelin bodies than is normally seen CElem 2D) elias ole iad Loatat 
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Figure 52. 


Polltietpes polymerus. 


A. Higher magnification of the middle-position constriction 
ring (Fig. 51B, area 1). Vacuoles (V), patches of 
amorphous dense cortical material (asterisks), and 
remnants of microvillous protrusions (P) are visible. 

X 33,640. 


B. Higher magnification of a vegetal constriction ring 
(Fig. 51B, area 2). Dense patches of amorphous 
cortical material (asterisks), microtubules (MT) 
and a few microvillous protrusions are visible. 
XeLOgDo0e 


C to E. Longitudinal section of an egg in an ovigerous 
lamella treated with 0.5 ug/cm? CCB fort ll mingand 
washed briefly. 
C. There are no-constriction rings, bub thererare 
several areas where vacuolation (V) is occurring. 
Xa DOs 
D. Myelin body. X 25,200° 


E. Vacuoles (V) forming and/or fusing. X 12,760. 
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to note that CCB has no marked effect on the structure of microtubules 


(Eto moe bh). 


Effects of the Dimethylsulfoxtde Control (DMSO) 

CCB was dissolved in up to 0.1% DMSO. No cessation of the 
peristalsis was observed in eggs treated in 0.1% DMSO for 15 min. An 
equatorial section through a vegetal constriction ring of a aera 
egg exhibits 60 i microfilaments oriented equatorially (Fig. 53A). The 
alteration of cytoplasmic particle distribution in CCB-treated eggs has 


been observed in other DMSO-treated cells (Schroeder, 1970b). 


Effeets of Anttmyctn A 

No disruption of mitochondrial cristae is observed in ethanol-treated 
controls (Fig. 53C), although there is a slight disruption of cytoplasmic 
particles and the egg membrane. Most mitochondria in antimycin A-treated 


eggs exhibit inclusions and/or disrupted cristae (Fig. 53B). 


Discussion 


The fertilization membrane may be formed from the only other 
membrane known to exist previous to its appearance, the vitelline membrane 
(Woods, 1969). According to Woods (1969), the vitelline membrane consists 
of a dense, fibrous material 2 up thick. A flocculent or fibrous material 
is found lying between the fertilization membrane and the oolemma (Figs. 
35C, 36C and D); this may have originated in the ovarial lumen and moved 
through vitelline membrane channels (Woods, 1969), or it may be a remnant 
from the fertilization membrane reaction, since there exists a difference 
of about 1.85 uw in thickness between the vitelline and fertilization 


membranes. 
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Figure 53. Polltetpes polymerus. 


A. 


Equatorial view of a vegetal constriction ring 
showing equatorially arranged microfilaments 
(arrows). The egg was treated with OZ 
dimethylsulfoxide for 15 min (control). 

X 24,820. 


Section of an egg treated with antimycin A 
(500 ug/cm?) for 90 min. Note mitochondrial 
disruption (M) and dense inclusions in 
mitochondria (D). X 29,050. 


1% ethanol control showing normal mitochondria. 
xe21, oh0: 
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Experimental evidence indicates that the peristaltic constrictions 
in this barnacle egg are probably caused 6 microfilaments not by 
microtubules. Protein synthesis may be necessary for the constrictions, 
but oxidative phosphorylation is not. 

Transmission electron microscopy has disclosed that thin microfilaments 
are arrayed in a cortical meshwork, as well as paraequatorially in the 
vegetal part of the egg, in peristaltic constriction rings of P. polymerus 
eggs. However, a complete annulus of interdigitating filaments was not 
found in the ring. Contractile rings consisting of thin microfilaments 
arrayed circumferentially have been identified in cleaving HeLa cells 
(Schroeder, 1970b) and in eggs of Stomatoca atra (Schroeder, 1968), 
Arbacta punctulata (Schroeder, 1969; Tilney and Marsland, 1969; 

Goodenough et al., 1968), Loltgo pealit (Arnold, 1968, 1969, 1971), 
coelenterates (Szollosi, 1968, 1970), Ambystoma mextcanum (Bluemink, 

1970) mete Xenopus laevis (Bluemink, 197la,b). In each case, microfilaments 
of the same size range as in the P. polymerus egg were described. In 
analogy to the above findings, the microfilaments in P. polymerus eggs 

are thought to generate the force of constriction. 

A 3 dimensional meshwork of thin filaments anchored to the oolemma 
may be better adapted for generating a constriction ring moving in 2 
planes simultaneously (inwards and along the long axis of the egg) than 
simply an annulus of filaments as in the relatively static rings of 
cleaving cells. It is likely that the equatorial bundles of filaments 
may be interconnected with the cortical network of filaments and that 
these interconnections may function as anchors during constriction at 
the particular point along the ege's axis. Filaments were found 


extending into the microvilli in most longitudinal sections, which also 
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suggests an anchoring function, although filaments may also assist in 
microvillous extension (Tilney and Cardell, 1970). Bluemink (1970) 
observed that in the furrow of Ambystoma eggs, the bottom of the groove 
is always thrown into folds and the filaments are not always equally 
distributed over the area of contraction, thus suggesting that the 
Ener contract Semana es in bundles which are not necessarily 
continuous. This may also be the case in Polltctpes eggs in which discrete 
groups of filaments were observed. It does not seem unusual, then, that 
the rate of constriction movement decreases while the rings deepen at the 
vegetal pole (Lewis et al., 1973), since more filaments must polymerize 
and orient here than towards the animal pole. 

Szollosi (1970) felt that cytoplasmic membrane-bound granules 
(100 to 300 mu diameter) with tightly-packed filamentous contents were 
secreted to create extracellular filamentous material adjacent to the 
base of first cleavage furrow invaginations similar to the extracellular 
filaments seen in constrictions of Pollictpes. 

Based on the morphological evidence, an hypothesis of the mechanism 
of peristaltic constriction is proposed. In order to accurately model 
the forces which resist the constriction, one must know the physical 
characteristics of both the membrane and the cytoplasm. These might 
reasonably be modeled as an elastic solid and an incompressible viscous 
fluid, respectively. Although this is beyond the scope of this research, 
some qualitative conclusions can be drawn from an understanding of fluid 
mechanics, First, it should be noted that several types of forces 
(e.g., viscosity, surface tension, hydrostatic pressure, and feria) 
could potentially be important in determining the dynamics of the 


peristaltic constrictions. However, previous studies of cell movement 
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(Atlen, 1974= Hancock, 1953; Hiramoto, 1958) indicate that viscosity 

and surface tension forces are predominant. Considering this and the 
Breer ee oa nature of cytoplasm (Allen, 1974), makes the understanding 
OLeperistaltic motion very difficult. 

Consideration may be given to 3 possible arrangements of microfilaments 
that could theoretically cause constrictions: microfilaments radiate 
from the central axis of the egg (Fig. 54A); they form rings at or just 
below the surface of the egg (Fig. 54B); and they run in a criss-cross 
manner resembling a braided rope (Fig. 54C). The spoke arrangement is 
clearly inefficient, since filaments would interfere with any movement 
of the cytoplasm and organelles along the egg which is known to occur 
at this time. The ring arrangement does not have this problem. However, 
the filaments would not provide any strength to the membrane or cortex 
parallel to the long axis of the egg which seems necessary, since the 
membrane is probably stretched or grows in that direction at or near 
the constriction (Pigs. 55B)’. 

The arrangement of filaments in Figures 54C or D takes both of 
these problems into account. Further, the 2 sets of filaments running 
diagonally may slide between each other, giving the desired motion. 

The diagonal angle could be adjusted to account for the different amounts 
of strength necessary in the meridional and equatorial directions. 

The microfilaments in vegetal constriction rings appear to be 
oriented as in Fig. 54D and those in the animal constriction rings are 
oriented as in Fig. 54C, based upon the evidence of hundreds of micrographs 
studied, In addition, when the egg membrane is torn (Fig. 37A), ane 


9 
In a Newtonian fluid shear stress is linearly proportional to the 
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Figure 54. 


Pollicipes polymerus. Perspective view of eggs sliced 
in constriction rings near the vegetal pole (top), 
showing 4 possible arrangements of microfilaments 

(A to D). Diagrams C and D are considered to 
accurately model actual filament arrangements. 
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Figure 55. 


Pollictpes polymerus. Perspective diagram of a 
spherical egg (A) with diagonals drawn from a regular 
grid placed around it (parallel equidistant equatorial 
lines plus equidistant meridional lines which converge 
at the poles). The egg has a single constriction ring 
in B. If a central square in A is) observed ings, et 
has elongated in the long axis of the egg and shortened 
in the equatorial axis, forming a diamond. Since direct 
measurements were not made of changes in the oolemma 
during peristaltic constriction, site senoceknowne:s 
this model accurately represents membrane deformation, 
but it is probable that constriction could produce 

such a deformation. 
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constriction rings pull in tighter, and the egg elongates about 1 1/2 
times its normal length. 

If one regards filament orientation relative to position within the 
vegetal constriction ring, just animal to the ring (where the ring has 
just passed), filaments are in meshworks or even perpendicular to the 
ring, while filaments in the deepest part of the ring and just vegetal 
towne (constriction is moving into this area) are mostly parallel to 
the plane of constriction with an attached meshwork (Figs. 47 and 494A). 
The cortex just in front of the ring may have been stimulated in some 
Manner such that precise filament orientation is accomplished from wisps 
of filaments ahead of the advancing ring. In the cortex following ring 
formation, filaments become disoriented in relation to the plane of 
constriction. The filaments are likely depolymerizing to some precursor 
form, since they are only detected in the constriction ring cortex 
(the constriction ring is a transitory organelle) and as has been 
previously observed (Bluemink, 1970; Cloney, 1966), unaligned filaments 
are found before contraction. Thus, previously non-oriented filaments 
may polarize and aggregate (Goldman et al., 1973; Schroeder, 1973b), 
suggesting that orientation is more closely linked to contraction 
than to assembly. 

Arnold (1969) implied that the larger dense bodies (150 to 300 mu) 
in Loltgo's cleavage furrow released 45 A filaments into the furrow, 
but no evidence of this was found in the Polltctpes egg. 

Although organized filament arrays may not be necessary for 
contraction, and since this function is apparently capable of being 
performed by a filament network (Yamada et al., 1970, 1971) as in 


constriction rings in the animal portion of the Pollictpes egg, it has 
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been suggested that they may serve to augment motive force when more 
powerful local movement is required (Romniele Zale ey SMW BEY) Eeyore ip Ye ey el 
vegetal portion of the egg. 

Tfis known that: 1) filaments are present at the sites in eggs 
where they could cause shape changes by contractile activity; 2) alteration 
in morphology of the filament system with CCB inhibits the shape changes 
and 3) both the filament system and CCB-sensitivity are apparently 
transient aspects of morphogenesis. 

Although one must be very cautious in assuming that because 
filaments are present in a contractile cell, the filaments must be the 
motile force, in the case of newly-fertilized P. polymerus eggs, it is 
difficult to conceive of a function other than contraction, as no other 
organelles (microtubules, in particular) are apparent which could be 
responsible for the movement. And although it is conceivable that forces 
moving cell margins might originate in contractile elements in the plasma 
membrane, knowledge of the ultrastructure and properties of biological 
gels (Frey-Wyssling, 1953) suggests that filament networks, if passive, 
would give rise to highly viscous cytoplasm, thus promoting much resistance. 
There is also no evidence for contractile membrane proteins or lipids. 
Therefore, it is more likely that the filaments are active in force-generation. 
In addition, thin filaments were observed in the cleavage furrow during 
first polar body formation and in a dense layer in the second polar body 
of Pollictpes. Although no cells were studied during cleavage of 
blastomeres, this observation of filaments during polar body formation 
lends credence to the theory that filaments are involved in contractile 
activity in the Polltctpes egg. Decoration of thin microfilaments with 


heavy meromyosin (HMM) establishes their actin-like behavior as in 
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cleaving cells (Schroeder, 1973a) and biochemical demonstration of actin 
and/or myosin elements is necessary for conclusive proof of filament 
contractility in the barnacle egg contractions. 

During the last 10 years an extensive literature has accumulated 
on studies of contractile phenomena and their possible relationship 
with actin-like, thin microfilaments (for reviews see Jahn and Bovee, 
1969; Wessells et al., 1971; Allison, 1973; Wessells ev dilbeoee NESTE 
Durham, 1974; Pollard and Weihing, 1974; Yamada, 1974). It has been 
suggested that the ultrastructural patterns of filaments observed actually 
reflect their biochemical organization: 1) parallel filaments represent 
highly organized actin, 2) networks are less organized and 3) faintly 
fibrillar or amorphous masses reflect low concentrations and/or little 
organization (Yamada, 1974). 

Microfilament networks, always in a subplasmalemmal region, have 
been observed in: undulating membranes of motile cells (Buckley and 
Porter, 1967; Goldman and Follett, 1969; Spooner et CUES God is: ARISE 
Axline and Reaven, 1974; Buckley, 1974; Malech and Lentz, 1974), 
extension of nerve cell axons (Yamada et al., 1970, 1971), wound closure 
(Bluemink, 1972), endocytosis (Singh, 1974), and phagocytosis (Reaven 
and Axline, 1973). The latticework is thought to have multiple insertion 
points on the inner face of the membrane (Wesselis et al., 1973), producing 
active shearing forces comparable to those of the sliding filaments in 
muscle (Burnside, 1971, 1973; Huxley, 1973; Schroeder, 1973b; Pollard 
and Weihing, 1974). Careful measurements of contractile ring volume 
during cleavage by Schroeder (1972) suggest that volume decreases during 
the second half of cleavage and a contraction-related disassembly of 


contractile ring filaments occurs, at least during the first part of 
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coucraction. Iheseonstriction rings vary in thickness from the 
leading edge to the deepest part to the foe edge in P. polymerus 
eggs, which is analogous to stages of cytokinesis; therefore, a 
contraction-related assembly/disassembly of filaments may also be 
important here. 

Microtubules were not often observed in the constricting egg, and 
when noted, persisted after CCB treatment. It can be concluded from 
morphological evidence that microtubules probably play no active role 
in the constriction ring movement. Since microtubules are not found in 
great numbers in elongating P. polymerus eggs, they may not be important 
in this function either, although they have been suggested as the "agents 
of cell elongation" in other systems (Byers and Porter, 1964; Perry and 
Waddington, 1966; Arnold, 1967; Warren, 1968; Gibbons et al., 1969; 
Schroeder, 1971). 

CCB is a controversial drug in that its site of action may not 
be specific (for reviews see Holtzer and Sanger, 1972; Sanger and 
Holtze, 19/2. )rollardsand Weihine, 1974:"also Bluemink, 1971: >Mizel 
and Wilson, 1972). Yamada and Wessells (1973) showed that the CCB 
effect was not due to inhibition of glucose uptake in glial and nerve 
cells, and it seems unlikely that transport of extracellular nutritive 
substances is necessary in fertilized P. polymerus eggs which have been 
grown 77 vitro to hatching (Lewis, 1975a,b). The masses of CCB-induced 
dense material is probably compacted aggregates of actin since similar 
CCB-induced material binds HMM in the cells which have been tested 
(Miranda et al., 1974). 

The CCB effect is reversible in P. polymerus eggs treated with 


0.5 ug/cm or less, but not when higher concentrations are applied 
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(lewlsmer al. , 1975). Since the peristaltic constriction event 1s 
short-lived (4 to 6 h), it is possible eee time has passed when 
eggs will respond to filament activation; that is, constriction may only 
occur at a specifically-timed interval when the correct stimulus is 
present and CCB has not disrupted the microfilaments. 

pecan tats on observed with CCB treatment may be created by the taking 
up of plasma membrane slack from the microvilli previously there, as 
suggested by Cloney (1966) and Wrenn and Wessells (1969). Williamson 
(1972) suggested that acute vacuolation may be induced by a variety of 
"unfavorable conditions" including certain inhibitors; therefore, this 
reaction to CCB may be due to a general effect rather than specific 


action on the membrane. 


Organelles in the Peristaltie Constrtetton Ring Model 

The relationship of the constriction ring microfilaments to other 
organelles was examined for possible clues as to the energy sources 
available for peristalsis. From Table 18 it is evident that) mitochondria, 
glycogen granules and multivesiculate bodies are associated with the 
constrictions. 

MVBs are commonly found in several animal eggs (Balinsky and Devis, 
1963; Pasteels and DeHarven, 1963; Beams, 1964; Kessel, 1966; Norrevang, 
1966, 1968; Schjeide et al., 1966; Mekker and Zimmerman, 1970; Reverberi, 
1970; Wischnitzer, 1970; Zissler and Sander, 1973; Dohmen and Verkonk, 
1974; Kang, 1974) and are also associated with contractile events such 
as cleavage (Perry and Waddington, 19665. Arnold; L968 03196 9,e197 Ls 
Bluemink, 1970), but are not found in muscle cells. Production of yolk 


bodies in barnacle eggs (Woods, 1969; also tunicates, Kessel, 1966) is 
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faintly reminiscent of MVB structure. However, there were no Golgi 
complexes and few ribosomes observed in constricting eggs which are 
necessary during vitellogenesis. While 1 type of PC yolk maturation 
consisted of membrane-bound precursor yolk granules first fusing centrally 
and later in the cortex of the yolk vesicle (Woods, 1969), the central 
portion of the yolk is always vesicular before the periphery in 
constricting Pollicitpes eggs (Figs. 44A and C). Also, vesicles are 
observed first in yolk platelets as they break down. In addition, MVBs 
have long been suspected of lysosomal functions (Elliott, 1965; Conti 
and Klein-Szanto, 1973; Kang, 1974), including digestion of pinocytotic 
vesicles (Norrevang, 1966; Conti and Klein-Szanto, 1973), glycogen 
(Orcieand Stauttacher, 19/71), yolk (Pasteels and DeHarven, 1963; 
Norrevang, 1966; Bluemink, 1970; Zissler and Sander, 1973) and protein 
(Locke and Collins,; 1967). 

A lysosome the same size as adjacent yolk vesicles is shown in the 
actively contracting secondary mesenchyme cells of Arbacta punctulata 
gastrula (Tilney and Marsland, 1969). Its appearance is similar to the 
P. polymerus MVBs with vesicles embedded in a dark matrix. The polar 
lobe of Bitthynia contains MVBs which are often ruptured, producing vesicles 
attached in strings (Dohman and Verdonk, 1974) as is found in constricting 
P. polymerus eggs (Fig. 45B). Crowell (1964) observed an association 
of ER vesicles with yolk in the polar lobe of Ilyanassa which suggested 
anactive alteration of the yolk. 

From evidence presented here, the MVBs of P. polymerus appear to 
transform in a continuous series of digesting PC yolk vesicles. Accord- 
ing to Karasaki (1963) amphibian yolk is degraded for utilization by: 


1) decreasing in thickness and disappearance of the superficial layer, 


ae hay : Tes: oy _ 
























igo? ov stow vrad: yreyevell hae atcha el px 
“15 tints egee ass stasaias © wrod psn giles wat ; 
lipt Ps ssov A n weet Livy . i J “E> 
oA Io aps Es ctanougattosty attra ; 
ty wt jett) eolonetp Sloy s3ndbosrg haad—sewsgean % is 


cee 


“s 


12: , oho) ehakeey Mogens Io eames ora ae 


ult moled telustesy wowin 29 Siey eds =< ae 


eal akes n» \(*9 byn Add int #999 awriekt fot, prsateaasin 
| , Or 


= 7 a 
4 ilsba  ¢ nwokt Weord vaadd eee viogalyg HLOY ot autet bake 
1305244) envoloonisd Lemor poeyt 1G bdId aque ised anat, ove 
to ot th guibyfoant ~4esel Bar sever _ cotta? ES pal ; 


i), 


atelA bux 2iqoD ':400l, .gunwessomy stistewe a) 


lao Seat) fox (LOL , tates? ace bie aie 
_4 a 


ong ben weleekh <Q8CL colbrkmaata saags Lgnecer2 Git 


—— 


5 a 
(FOCQl ,ankifa) bie s o : 

oe 

sav Hey Jasonthe an este! sae 692) angnees Ae aie 

ve optith (6 ellec eevisesaan yrebeoshe antyse13003' am: ” 

P or er , 

a! Sos aa Zii .( @aet ‘alesse Sia dose 2aY, J a 

ve lus. will xin jow Yo aw 0) bobbwdes agiotany he WEUN siiecteny 

Lolwev af tovborg ,boxyiqut asdle ate doldw@ egy! eutezacs nhagseta’ 


wiisolitangs Ab hea’ a oo» (del ,svebea¥ bag nope) bantate)) = a 
vakretsuege ae duirtanda! (heel) tbavoats vee 7S 
ba teaggee dato seeeneE ty atol asloq 4 


’ 
7 ; wt : ‘ap? _ 7 f a ., 


i a ae 





2) decomposition of the crystalline structure into units and 3) formation 
of laminar or vesicular membranes. In P. polymerus yolk a series of 
vesicular and laminar smooth ER vesicles form concentric to the yolk 

and fuse (Fig. 56), the central crystalline structure breaks down, and 
internal vesicles appear in the dark matrix. Finally, the vesicles 
appear to be released into the cytoplasm (see also Pasteels and DeHarven, 
1963) and possibly some are secreted extracellularly. Bluemink (1970) 
also found MVBs involved with subcortical yolk granule degradation. 

Orci et al. (1972) suggested an important role for microfilament networks 
in secretion of certain endocrine cells. 

Knobs of acid polysaccharide material similar in morphology to the 
border spheres are observed in the boundary membrane of sea urchin 
embryos (Lundgren, 1973). Material is supposedly synthesized for plasma 
membrane formation in Amoeba (Szubinska, 1971) and stored in the cytoplasm 
as an emulsion of spherical droplets similar in diamter (0.04 to 0.08 uz) 
and density to those in P. polymerus (0.03 uy). These are apparently 
used by adhering to the inside of the membrane and releasing the products 
outside to form new membrane. It is possible that the small vesicles in 
P. polymerus eggs are also secreted to form new membrane since they are 
most active at the constriction rings which may stretch the oolemma 
(Ei eo a55 ic 

Although glycogen reserves are only about 2% (by dry weight) of 
the more yolky oocytes of an Australian barnacle, Ibla quadrivalvts 
(Woods, 1969), vast aggregations of glycogen granules are found in 
P. polymerus fertilized eggs. According to Barnes (1965), the elycoren 
reserves in the less yolky Balanus balanus and B. balanotdes embryos, 


as in P. polymerus, are rapidly consumed during development. This is 
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Figure 56. 


Pollicipes polymerus. The author's conception of a 
model of the peristaltic constriction event: 

1) mitochondria form small multimembranous bodies close 
to the constriction rings, and smooth endoplasmic 
vesicles abound, either possibly releasing bound Catt 
to stimulate contraction; 2) microfilaments polymerize 
from precursors vegetal (V) to an approaching constriction 
ring, form a network, and orient equatorially just prior 
to and during constriction in the vegetal part of the 
egg. After forming a vegetal constriction, the 
filaments disperse into networks again and depolymerize. 
Signals from the animal pole (A) pacemaker region 
initiate peristalsis, after which) is a,;retractory 
period when signals are either not received or are 

not of sufficient strengths, 3) PC yolk) (1) 7is breaking 
down within MVBs. MVBs form from aggregated smooth 
endoplasmic vesicles (2 and 3) which eventually 

surround and move into the yolk (4 to 6). Internal 
vesicles are then dispersed into the cytoplasm (5 and 
6), some possibly constituting dense bodies and others 
becoming the border spheres. Glycogen and PC yolk are 
likely energy sources for the peristaltic movement. 
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consistent with the observation that glycogen granules may enter MVBs 
in P. polymerus eggs (Fig. 44F). 

Some mitochondria were still intact after treatment with 550 ug/cm 
antimycin A for 90 min, although most had reduced cristae and accumulations 
of electron dense inclusions (Fig. 53A) as in some metabolically-stressed 
cells (Abolins—Krogis, 1970). Thus, it is possible that some oxidative 
phosphorylation may be used for peristaltic constriction, although it is 
likely that mitochondrial function is impaired after a short itl 
Budding of mitochondria is also commonly observed in P. polymerus 
constricting eggs which may be important in their duplication (Norrevang, 
1968) and suggests activity. 

Since PC yolk and glycogen granules may be digested in MVBs adjacent 
to constriction rings;-they are likely the energy sources, and since 
antimycin A treatment disrupted most mitochondria while peristalsis 
continued, a large proportion of the energy may be generated by anaerobic 
glycolysis. Kamiya (1960) found that glycolysis is easily used for 
generation of cytoplasmic streaming in plant cells, while respiration 
gains significance as an energy source only when released readily from 
the mitochondria and is able to contact the mechanochemical system of 
contractile protein. Eastman (1968) suspected that the predominant 
pathway of glucose degradation in early (1 to 4 cells) P. polymerus 
embryos was the pentose shunt. 

According to the results of Lewis et al. (1973), some protein 
synthesis is probably necessary for peristaltic constriction. In some 
other contractile cells, protein synthesis is not necessary for 
microfilament function (Goldman et al., 1973). However, microfilaments 


are probably constantly polymerizing and depolymerizing, and aggregating 
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into networks and arrays and then disaggregating in Pollictpes eggs. 
Thus, due to the nature of peristalsis, the rates of synthesis and 
turnover of contractile proteins may be high. The pools of precursors 


may not be large enough to continue for hours of peristalsis. 


Posstble Mechantsms for Propagating Pertstaltte Constrictton Rings 

It is obvious that the peristaltic system under investigation 
requires 3 phases: 1) stimulation from a pacemaker zone near the animal 
pole, 2) contraction of cortical microfilaments and 3) relaxation possibly 
due to a refractory period when stimulation is inhibited; much like the 
generation of a membrane potential. 

Although cytokinesis and polar lobe formation are probably not 
controlled by the nucleus since the cleavage rate in sea urchins is 
determined exclusively by the cytoplasm (Moore, 1933) and because polar 
lobe formation occurs in enucleated eggs in synchrony with nucleated 
eggs (Verdonk et al., 1971), nuclear material or the associated mitotic 
apparatus during polar body formation may be associated with peristaltic 
constrictions since the female pronucleus resides at the animal pole 
during peristaltic constriction in Polltctpes (Nussbaum, 1890). 

Schroeder (1969) and Tilney and Marsland (1969) suggested that 
nuclear breakdown and/or annulate lamellae formation was necessary for 
microfilament formation and function. Moreover, HMM-binding filaments 
have been detected in the mitotic apparatus of mammalian cells, suggesting 
a possible cytoplasmic pool of filaments or precursors prior to cleavage 
(Hinkley and Telser, 1974). 

Another possible method of control of peristalsis may be the 


accumulation of the oviducal gland's activating fluid which stimulates 
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oocyte nuclei to pass into metaphase (Walley et al., 1971). 

According to Sawai and Yoneda (1974), one waves of stiffness in 
the newt egg, which begin at the animal pole, may be controlled by a 
stimulating substance released from the mitotic apparatus before cleavage 
and spread along the cortex. Timourian et al. (1974) implicated Ca 
as the Pennelacine or determining substance released from mitotic ong. 

In several contractile systems, thin microfilaments are closely 
allied with small vesicles which may hold local on pools (Woollacott, 
1974) Sin thewcase of "control ot Plyanassa's polar lobes, Conrad and 
Williams (1974) suggest the ratio of intracellular en to Ki is 
Erpeicare) sinetact. maccordine tosthe postulates of this theory; 
intracellular Ga is sequestered until released periodically in response 
toespecific stimuli. sit is further suggested that possible sites of 
Gaun accumulation include mitochondria (Lehninger, 1964) and multimembranous 
vesicles (Crowell, 1964; Bluemink, 1970; Gerin, 1972), such as those 
regularly formed in contracting Polltctpes eggs (Figs. 43B and C) and 
observed in Dentaltum polar lobes (Reverberi, 1970). Schroeder and 
Strickland (1974) found that ionophores, which release stored Gale from 
ER vesicles and mitochondria, stimulated cortical contractions in frog 
eggs with or without extracellular Cais and further, that intracellular 
EDTA or EGTA inhibits contractility, suggesting that intracellular 
Came is important in contraction (see also Conrad, 1974). 

An immediate consequence of the cortical reaction at fertilization 
in Xenopus eggs may be an increase of intracellular cau concentration 
(Wolf, 1974), which may activate specific enzyme systems as well as 


cortical contractile systems (Epel et al., 1969; Morrill et al., 1971). 
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When Catt was injected immediately under the plasma membrane of 
amphibian eggs (Gingell, 1970), local Rent eendione of a microfilament 
network below the membrane (Wessells et al., 1971) ensued. Thus, it is 
felt that a is important in its control. Gingell (1970) further 
speculated that a change in plasma membrane permeability triggered by 
adsorption of charged molecules alters surface potential and allows 
aki influx. This may be physiologically significant since higher 
intracellular oe concentrations have been measured at the cleavage 
furrow during metaphase than at the poles (Timourian et al., 1974). 

An alternative hypothesis (Rosenberg, 1967) as related to furrow 
formation (Bluemink, 1970) is that a change in chemical potential may 
lead to mechanical deformation which in turn changes chemical potential, 
and is thus self-propagating. In the case of gut peristalsis, the 
mechanical distention is responsible for decreasing excitability, thus 
continuous nervous stimulation is necessary (Davson, 1964). Hoffman-Berling 
(1958) first suggested that the motive force for ciliate contraction is 
associated with a configurational change in the contractile filaments 
brought about by the direct charge interaction of er with reactive 


sites along their length. 


Possible Function of Pertstaltte Constrictton Rings 

Three possible functions were discussed earlier: 1) ooplasmic 
segregation of lipid yolk, 2) lifting of the egg membrane and 3) egg 
elongation (Lewis et al., 1973). Although Groom (1892) noted constriction 
rings ceased only after the yolk and cytoplasm separated in Lepas eggs, 
they were not suggested as the motive force of ooplasmic segregation by 


Lewis et al. (1973) since 1) no segregation was observed at Stages I 
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and II when the rates of constriction were highest and 2) when the 
constriction is stopped by CCB, ooplasmic aamuanaeten continues. 
However, there may be a step-wise control of segregation as in Ilyanassa 
polar lobe formation such that only the fastest moving peristaltic 
constriction rings (Stages I and II) are important in controlling lipid 
segregation. As early stages were not tested with CCB, this possibility 
can not be discarded. It is well known that endoplasmic thin filaments 
(Nagai and Rebhun, 1966; Allen, 1974) or microtubules (Rebhun, 1967; 
Porter, 1973) may generate the forces necessary in various plant and 
animal cell streaming and saltatory particle movement. However, these 
filaments normally run in the direction of streaming (Allen, 1974). 

Lifting of the egg membrane may be related to contractile action, 
as the membrane first becomes visible along the constriction ring in 
Stagem ll Mmeenbryosw(ri2.6 52). but there is no ultrastructural evidence 
to further this theory. The only differences noted between oolemmas in 
a constriction ring and those not in a ring are that the oolemma folds 
up, producing irregular microvilli and more extracellular spheres are 
observed in a constriction ring. In fact, the egg membrane lies against 
the oolemma again after a constriction ring passes by. 

It is likely that egg elongation is accomplished by the peristalsis 
as the increase of the peristaltic velocity at the middle of the egg 
during Stage III corresponds to the time of greatest observed elongation; 
the gradual slowing of the constriction movement corresponds to the 
completion of elongation; and when the peristaltic constrictions are 
stopped by CCB at Stage I or II, the elongation also stops. In contrast, 
other cellular elongation is linked to microtubules (Schroeder, 1971), 


but since microtubules are not found in large numbers during the time 
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of observed egg elongation, and ace uct does not block peristalsis, 
microtubules are probably not involved in egg elongation. The 
observation that when the egg membrane is torn during peristalsis 
it is followed by egg elongation and concurrent deepening of the 
vegetal constriction ring more than usual tends to support this 
contention. Evidence from Byers and Porter (1964) indicates that 
cell elongation is usually accompanied by a peristaltic motion. 
Although experimental results did not elucidate the me ieciorents 
between the polar body formation and the peristaltic constrictions, 
it should be stressed that the site of polar body formation (animal 
pole) is also the area where the constriction rings are generated. 


"pace-maker" in relation to the 


This area may be regarded as a 
peristaltic constrictions. 
Another possible function is that the first cleavage furrow may 
be ete igeeat en by the constrictions. However, constriction rings 
probably have no relationship with the cleavage furrow, since 
peristalsis ceases long before first cleavage, and the animal pole 
"pace-maker" region becomes one side of a bilaterally cleaved furrow; 


that is, the cleavage furrow forms slightly obliquely to both poles 


while the egg rotates inside the egg membrane (Bigelow, 1898). 
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GENERAL DISCUSSION AND CONCLUSIONS 


As specific questions are considered in the discussion sections 
of individual chapters, this discussion is an attempt to tie together 
the various chapters of this thesis, to compare the results found in 
this study to those in the literature, and to present summaries and 
draw some conclusions. 

The information is organized as follows: 1) environmental effects 
on feeding, growth and reproduction of Polltcitpes polymerus, including 
differences in reproduction at various latitudes; and 2) descriptive 
morphology of developmental events. 

1) Environmental Effects 

When the growth rates of control embryos were compared to 
embryos roca under variously modified circumstances (all maintained 
in the laboratory), those growth rates were faster where conditions 
closely resembled those in the adult barnacle mantle cavity. However, 
addition of antimicrobial drugs and division of the egg lamellae into 
small pieces also promoted growth and development. 

Nauplii were fed many species of algae; only 3 species promoted 
erowth to Stage 5 orvolder. These algae affected growth more in 
combination than when alone, Naupliar growth was fastest in larvae 
fed the combination of Prorocentrum mtcans/Platymonas sp. On the other 
hand, larvae fed a Prorocentrun micans/pennate diatom diet grew slowly, 
and most larvae died at naupliar Stage 3. Interactions between eral 
species may have affected their nutritional value for the nauplii 
Ch mez) 


Only the growth of larvae eating Prorocentrum mtcans depended upon 
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tiewiatva-to-100d ratio. That is) animals eiven more food per Larva 
grew faster from stage to stage than those with less food. Thus, the 
concentration of algae chosen for the other diets was probably close 
to optimum. A feeding schedule is proposed which should theoretically 
promote optimal growth based upon data collected in this study: 
500 ee of Platymonas sp. alone up to 9 to 10 days after hatching; 
geen A ee ae of Prorocentrum mtcans is then added to the above 
until naupliar Stage 6 is reached, at which time the Platymonas sp. 
concentration is drastically reduced or even eliminated and nauplii 
are maintained on Prorocentrum alone. 

Although growth rates varied little between the adults in the 
field, an ascending order of mean adult size occurs from animals at 
Edward's Reef high intertidal level, Edward's Reef low, Eagle Point 
high to Eagle Point low. (Pig. 57). Relative juvenile growth rates in 
the 4 populations follow a similar trend, although the data for Edward's 
Reef low animals overlap those for Eagle Point high animals (Fig. 58). 
This trend given above is also observed when percent brooding in 
average months (Fig. 59) and mean monthly egg production (Fig. 60) is 
compared between populations. It is noteworthy that in Figures 5/7 to 
60 the lines drawn through the 2 points at Eagle Point and the 2 points 
at Edward's Reef have nearly the same slope. When placed in juxtaposition, 
the abscissa depicting the Edward's Reef populations is displaced by 
5 feet of elevation in relation to the Eagle Point populations (Fig. 57). 
Thus, one might say that some factor(s) at Eagle Point have the equivalent 
effect on adult size as a decrease in intertidal height of 5 feet at 
Edward's Reef. These physical or biological factors may affect juvenile 


growth rate at Eagle Point in the same manner as a decrease in elevation 
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Pollictpes polymerus. Average adult size at 2 intertidal 
heights at Eagle Point and Edward's Reef. Standard 
deviations are indicated. 


Figure 5/7. 


Average Adult Size (mm) 


© Eagle Point 
s Edwards Reef 


Edward's 
Low 





Height Above Mean Tide (Feet) 


ASG 





: : ¥ 
=f! Height Above Mean 710s 


- - 
ro : 


~~ a : i 
7 


“S 





Figure 58. Pollictpes polymerus. Juvenile growth rate at 2 
intertidal heights at Eagle Point and Edward's Reef. 
Standard deviations are indicated. 
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Figure 59. Polltcipes polymerus. Percent brooding in an average 
month at 2 intertidal heights at Eagle Point and 
Edward's Reef. Standard deviations are indicated. 
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Figure 60. Polltetpes polymerus. Mean monthly egg production 
(times 10) at 2 intertidal heights at Eagle Point 


and Edward's Reef. 
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of 1 foot at Edward's Reef (Fig. 58). Likewise, a decrease of 7 feet 
at Edward's Reef is necessary to match the effect on reproductive 
activity (Fig. 59), and a decrease of about 5 feet for average monthly 
embryo mass weight (Fig. 60). The effect observed on adult size is 
greater than on juvenile growth rate, and may be cumulative. The most 
pronounced effects, however, are on reproductive activity (Bie. 59) 
and on fecundity (Fig. 60). 

Some obvious environmental factors to be considered which may affect 
reproduction and fecundity are wave action, habitat, fluctuation of 
salinity, and food supply. P. polymerus broods for a longer period and 
more intensively at Eagle Point than at Edward's Reef. In addition, 
more P. polymerus were brooding in June, 1972, at Windmill Beach (north 
of San Francisco) than at Doran Beach, not more than 5 miles away. 
Optimum conditions for reproduction appear to be heavy surf, rocky 
habitat, constant salinity, and abundant food. Less than optimal rates 
of brooding occur when barnacles are anchored in the "cave-like" habitat 
with fresh water run-off at Edward's Reef or on the boulders which 
emerge occasionally from the sandy Doran Beach. Sand scours the barnacles' 
plates at Doran Beach and may be found within their mantle cavities. 
Zostera marina also fouls the barnacles at Doran Beach. 

Adult barnacles exposed to greater wave action (Eagle Point) are 
apparently stimulated to feed more often due to the splash and force 
of the waves and thus, they probably obtain more food than those at 
Edward's Reef. Because P. polymerus has no cirral beat as an adult, 


it relies primarily upon currents to bring in food (Barnes and Reese, 


1959-mHowarcceend Scott, 1959). 
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Due to the large changes in tidal level at San Juan Island, the 
currents near shore tend to be very strong, reaching 9.3 Km/h at 
Cattle Point on the southern tip of San Juan Island (Connell, 1970). 
Thus, large local effects on wave action are likely, such as the 
refraction of waves by currents, with a consequent change in the 
wave-induced currents (Fairbridge, 1966, p. 588-590). Shelford and 
Towler (1925) also noted that wave action during the summer is 
important to the upper intertidal inhabitants on the west side of 
San Juan Island, allowing frequent immersion. 

The force and duration of wave action may influence P. polymerus 
populations by: 1) effects upon respiration, which is undoubtedly 
affected by the oxygenation of the water, 2) abundance of food, which 
is aa LTS related to fast currents and upwelling, and 3) stimulation 
of extension feeding activity in adults, which in turn depends upon 
the force of the waves or currents. Since much respiratory gas 
exchange apparently occurs directly from air through the peduncle 
(Petersen et al., 1974), food availability and feeding stimulation 
probably play a greater role in differential growth and reproduction. 


"violently surging 


Batham (1945) records finding P. polymerus in 
waves," mostly at the half tide level, although it may extend to low 
and high tidal levels in "channels" in New Zealand. It is likely, 
then, that the genus Pollictpes is confined to rocky areas because 
these areas are exposed to heavy wave action. Apparently, several 
features of adaptive value have allowed the genus to maintain its 
position in this habitat: 1) gregarious settlement OL “eyprids, 


providing dense populations which facilitate cross-fertilization and 


mutual protection from the environment, 2) cirral beating behavior 
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of juveniles newly-settled on adult stalks, which utilize a 

microfeeding method when competing with non-cirral-beating macrophagous 
adults, and 3) multi-directional orientation of capitula in large clusters 
of adults which serves to maximize the feeding efficiency of each individual 
in the group. 

The loss of cirral beating with adulthood may dictate the habitat 
in which this genus can survive. Under these circumstances, efficiency 
would depend upon activity of the sea water (Batham, 1945). The 
question: "Which came first, the behavior which is adapted to the 
Habltat, onichesinelinatiomeato settletinea favorable habitat?! cannot 
be answered from the information at hand. Cirral extension feeding 
behavior may have been selected for by the habitat, the animals using 
cirral extension in calm waters being eliminated. 

One other obvious difference between the study sites on San Juan 
Island concerns variation in the amount of fresh water run-off. Average 
monthly ocean surface salinity varies only from 28.5 to 29.1% (Connell, 
1970); however, average monthly rainfall varies from 1.0 to 14.1 inches. 
(Johnson and Thompson, 1927-31). The high tidal pool above the 
P. polymerus population studied at Edward's Reef collects fresh water 
run-off during most of the year, including part of the summer (dry 
season is from May to mid-August). The shortened reproductive period 
at this site may be partly due to physiological stress since P. polymerus 
regulates hydrostatic pressure of the haemolymph and intracellular volume 
(Fyhn em Gla, 19/2)% 

Barnes and Reese (1960) felt that the San Juan Islands present 
an exception to the animal's common habitat, since they are supposedly 


more protected than the outer coast. Rice (1930), Towler (1930), 
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Henry (1940a,b), and Barnes and Reese (1960) observed the species 
above low tide, extending to higher levels in crevices in the San Juan 
Islands than is usually found on the outer coast. 

Some barnacle species exhibit a progressive delay of the onset 
of the breeding season from southern to northern habitats (Hutchins, 
1947). This phenomenon supports the theory that water temperature is 
an important factor affecting the onset of breeding in these species. 
In contrast, the brooding period in P. polymerus extends for more of 
the year as one goes south (Fig. 61). However, the brooding cycle at 
any one latitude follows the fluctuations of the sea water temperature 
(e.g., Hilgard, 1960), and measurements show an overlapping of temperatures 
during the reproductive period from north to south (Fig. 61). 

According to Straughan (1971), P. polymerus at Santa Barbara brood 
throughout the year; however, the data given are not sufficient to 
support this claim. 

First, Straughan justifies the use of only 10 animals sampled on 
aomonthly basis by saying "At each station, there was only a small 
variation in the fraction brooding eggs in samples of different sizes." 
Yet, in April, 1969, she reports a range of 10 to 90% lightly-oiled 
(defined as "a thin film" of oil) P. polymerus brooding at Goleta Point 
(presumably a single station) and speculates that the great variation 
is due to oil effects. Had the range of variation among clean (oil-free) 
animals been given, or a larger sample size employed (e.g., 20 to 30), 
this view might be more credible, 

Although no brooding data are given for November or December, 
and only for moderately-oiled animals in September, she suggests that 


P. polymerus reproduces all year at Santa Barbara. 
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Figure 61. Polltctpes polymerus. Variation in mean surface sea 
water temperature and reproductive period with 


latitude. 
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Lastly, Straughan reported only 100 embryos produced per adult, 
while 100,000 to 200,000 are reported by Hilgard (1960) and in the 
present study. It would be most interesting to discover Lf the ineivaduas 
embryos are the same size at each locality, or if the southern ones 
are larger. Further investigations, including fecundity data, are 
needed to clarify these apparently conflicting reports. 
2) Developmental Events 

During the maturation of fertilized eggs, an unusual event was 
observed: a series of constriction rings move slowly from the animal 
to the vegetal pole. Since various contractile phenomena are now 
considered to be controlled by microfilaments, the peristaltic eonstric— 
tions present a new system in which to explore this hypothesis. 

When originally observed, the peristaltic constriction phenomenon 
in barnacle eggs was suggested by Bigelow (1902) to represent a "modified" 
polar lobe. A brief comparison of peristaltic constriction and polar 
lobe formation is pertinent here, since at the light microscope level, 
the changes in cell shape are quite similar, though clearly distinct. 
According to the categories listed by Conrad (1973, Tables 2-and Bae 
peristaltic constrictions are similar to polar lobes in Ilyanassa 
(prosobranch gastropod) in the following ways: 1) general morphology, 
2) OREN With an edualotia lier inggor microfilaments (seen at 
least in vegetal peristaltic constrictions), 3) cytochalasin B-sensitivity, 
4) no observed association with cleavage asters, 5) incomplete partitioning 
of the cytoplasm, 6) relaxation after a period of maximal constriction, 
and 7) maintenance over substantial periods of time of contraction 
(maintenance of sequential peristaltic rings, not single rings, in 
the case of Pollicipes). In addition to these similarities, glycogen 


granules, mitochondria and PC yolk are closely adjacent to polar lobe 
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constrictions (see micrographs, Conrad and Williams, 1974a,b; Conrad et al. 


1973). The presence of MVBs was not discussed, although Pucci-Minafra 
et al. (1969) observed them in the polar lobes. 

Peristaltic constrictions are not inhibited by colchicine (Lewis 
eb al. ,_ 1973), while colchicine-sensitive steps are involved in polar 
lobe formation. Several rates of constriction movement are observed, 
according to the constriction stage (Lewis et al., 1973), rather than 
2 rates only as in Ilyanassa polar lobe formation. No microfilament 
network is reported in Ilyanassa polar lobes, although circumferential 
microfilaments may have obscured a network if it were present. 

Polar lobes and peristaltic constrictions are precisely-—timed 
events. The presumed function of polar lobe formation is to assure 
that all or most of the morphogenetic determinates lodged in the 


polar lobe cortex are passed on to a particular blastomere during a 


cleavage. However, this does not explain why, in Ilyanassa, polar lobes 


al coeform at bobh meiotic divisions... Peristaltic constriction, on the 
other hand, occurs only between the meiotic divisions in P. polymerus. 
Since Schroeder's (1968) discovery that circumferentially arranged 


thin microfilaments in contractile rings are probably the morphological 


270 


basis of cytokinesis in the Arbacta egg, many such studies have confirmed 


Schroeder's finding in other cells. The primary difference between 
contractile rings and peristaltic constriction rings is that the latter 
are not stationary, but move along the egg's long axis. The wave of 
peristaltic movement occurs at a rate of 14 u/min in P. polymerus. 

This rate is well within the range of rate of contraction inward 
measured during cytokinesis (6 u/min: Tucker, 1971 to 40 u/min: 


Schroeder, 1973). The Arbacta egg, whose diameter (75 un) corresponds 
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most closely (of those eggs measured) to that of the P. polymerus egg 
(Soap enacme contractile rime width of 3 to 17) uz; constriction ring 
width in P. polymerus averages 6 up. However, the thickness of all 
contractile rings measured is consistently 0.1 to 0.2 u, while that 

of the P. polymerus constriction ring measured up to 0.5 u. Average 
microvillar thickness in vegetal constriction rings is 0.9 u, which added 
to 0.5 nu, totals 1.4 pp. Perhaps this greater thickness is related to 


the movement of the constriction in 2 planes rather than l. 


Several moving contractile phenomena in eggs are compared in 
Table 22. Little is known of the nature of the Werets egg movement, 
except that it is slow with shallow contractions and lasts about 100 
min. Of the phenomena listed, the surface contraction waves in salamander 
eggs (Hara, 1971) appear to be most similar to the peristaltic movement 
described here in P. polymerus eggs. The salamander egg waves move 
about 25 u/min (based upon a 2,5 mm diameter egg; Bluemink, 1970), 
which compares favorably with 14 p/min in P. polymerus (still within 
the range of the speed of the contractile ring movement). Apparently, 
the surface contraction waves in ova of salamanders and newts is 
somehow related to a wave of, "stiffness" which passes over them 
(Sawai and Yoneda, 1974), and both phenomena may be related to the 
formation of the first cleavage furrow, even though the contractions 
are equatorial and cleavage is meridional. The important point here 
is that the cleavage furrow closely follows the "wave" temporally. 
Bluemink (1970) observed microfilaments in the non-furrow cortex of 
the Ambystoma egg, indicating that the capacity for furrow formation 
may be related to the presence of cortical filaments. In the case of 


P. polymerus, the first cleavage furrow rotates from the meridional 
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to the equatorial plane (Nussbaum, 1890), so that the furrow is finally 
perpendicular to the plane of the Sonmumiciige TANCS en acca t Lon. 
there is a lag of about 23 h between the constrictions and the first 
cleavage (Lewis, 1975b). 

In addition to these contractile movements of eggs and embryos 
(Table 22), which may not be truly peristaltic in nature, several other 
examples may be cited in invertebrates of morphogenetic movements which 
are peristaltic. The in-rolling movements of the cricket germ band 
soemper iota leven srOmeanlLertol On posterior atra vatesor 2o07to 42, U/min 
in the first phase, then slow to 1.2 u/min in the second phase (Vollmar, 
1972). Even cells isolated from the posterior end of the band display 
pulsating movements tn vitro. The morphological basis of this event 
has not yet been clarified. 

Blood circulation of the compound ascidian, Botryllus schlossert, 
also has a peristaltic component. Thin microfilaments have been 
implicated in the generation of the peristaltic ampullar contractions 
which force blood into the circumferential tunic vessels, thus 
functioning as accessory hearts (De Santo and Dudley, 1969). The 


major differences between this peristalsis and that in the barnacle 


Page) 


epes are that 1) the ampullar wall is multicellular (although nonmuscular) 


and 2) the ampullar tissue remains contracted until the wave has traveled 


the length of the ampulla, after which the entire ampulla relaxes. 
Filaments are primarily arrayed in a circular pattern in the basal parts 
of the ampullar wall which is a simple epithelium. The filamentous zone 
Fanges trom 0.4 to 0.9 w in dépth) within the cells, similar to that in 


vegetal constriction rings (0.5 u) of P. polymerus eggs. The ampullae 
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may reduce their diameter by 25 to 44% in 50 sec, while P. polymerus 
eges reduce their animal poles by 52 and. vegetal poles AS 307707 

more in a few seconds (Lewis et al., 1973). Filament webs and 
filaments longitudinal to the cell are found in the ampullar apex. 

As ampullar elongation does not occur, such filaments may function 

as antagonists ctoNcircubar filaments. In centrast. to the situation 

in P. polymerus eggs, filaments are found in all parts of the ampullae 
during contraction; this may be related to the finding that ampullae 
remain contracted during a single wave rather than relaxing. 

A preliminary description of morphological changes during 
embryonic development of P. polymerus was given by Nussbaum (1890): 
he depicted the embryo during polar body formation, the first cleavage 
and gastrulation, and the first naupliar stage. Otherwise, information 
on embryonic and larval development in this species has been lacking, 
and the present study documents these events. My discovery of the 
feathery and hispid-type setae on naupliar antennae is interesting as 
such structures have only been identifed previously in nauplii of 
Chthamalus aestuartt. As larval habitats differ tremendously, this 
might indicate a common ancestral link between the 2 families Lepadidae 
and Chthamalidae, now placed in 2 separate suborders, rather than 
convergence arising from exposure to similar conditions. 

P. polymerus cyprids are similar to other barnacle cyprids in 
size and shape. The only exception is that large frontal Cll ecLoplece, 
thought to serve as a reserve food supply in other species, are not 
prominent in P. polymerus. Thus, it is possible that they either are 


very short-lived in the plankton or feed. Gut contents of cyprids 
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Wesesnocestudied, | Cyprids may live tor 2) to 3 weeks in the laboratory, 
but this could be due to the lack of the preferred settlement substrate 
or currents. 

Metamorphosis of the larvae of many benthic marine invertebrates 
is known to be induced by specific external stimuli, such as the 
presence of food for the adult, the proper substratum, or other 
members of the same species. With the technique for culturing 
Pollictpes polymerus larvae to the cypris stage now available, 
settlement in a species of barnacle which is apparently quite 


specific in its preferences is open to investigation. 
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Figure 62. Pollictpes polymerus. Total daily immersion times 
during the reproductive period (1972) Edward's Reef 
for the high and low intertidal populations. Percent 
brooding is given for the populations at this locality. 
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Figure 63. Polltetpes polymerus. Total daily immersion times 


during the reproductive period (1972) at Eagle Point 
for the high and low intertidal populations. Percent 
brooding is given for the populations at this locality. 
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